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EXECUTIVE SUMMARY
DEVELOPMENT OF A COST-EFFECTIVE
CONCRETE BRIDGE DECK PRESERVATION
PROGRAM: VOLUME 2—FINAL RESULTS
AND RECOMMENDATIONS
Introduction
Concrete bridge decks across the state of Indiana have experi-
enced ongoing degradation caused by applications of deicing salts
during the winter. Salt water collects on the deck and permeates
the concrete through the cracks and the deck surface, allowing
chlorides to initiate corrosion of the reinforcing steel. Over time,
corrosion of the reinforcement leads to the need for costly deck
repairs or even deck replacement prior to the expected service life
of the bridge. The use of localized crack sealers and deck surface
sealers has the potential of providing a cost-effective method of
deck preservation that could be implemented across the state to
prolong the life of bridge decks.
The objective of this study is to investigate potentially effective
and economic bridge deck preservation methods to significantly
extend the service life of bridge decks, and as a result, extend the
life of bridge structures in Indiana. A literature review and survey
of state departments of transportation were completed to guide
the development of the experimental program and construction of
the test specimens. The experimental program included continual
monitoring of the specimens exposed to a salt water ponding regi-
men for a period of 1600 days, autopsy of the specimens to corre-
late observed interior corrosion with measured corrosion activity,
and application of a deck sealer to specimens with preexisting cor-
rosion to evaluate the sealer’s effectiveness in slowing the rate of
corrosion. Deck sealer performance was investigated further by
correlating the occurrence of corrosion with sealer penetration
depth and chloride penetration profiles. A preliminary field test of
sealer applications was also completed to inform the development
of field application methods. The research is presented in two
volumes. Volume 1 presents the development and implementation
of the experimental program while Volume 2 presents the results
of the experimental program.
Findings
Volume 1
Based on the literature review and survey, the following findings
were developed:
N Both epoxy and methacrylate products have been identified
as effective localized crack sealers. Epoxy crack sealers gen-
erally are shown to have stronger bond strength and better
durability in wider cracks, while methacrylate crack sealers
provided better crack penetration particularly for narrower
cracks.
N Silicone-based products, such as siloxanes and silanes, have
been determined to be high-performing deck surface sealers.
Silanes were found to be the most effective in most cases, espe-
cially solvent-based products with higher solids content.
N Water-based silane products also performed well as deck sealers
and would be useful as a substitute in an environmentally sensi-
tive situation. It is important to note, however, that reapplica-
tion of a water-based product may not be effective as water-based
products repel themselves wherever traces of the sealer remain
from previous applications.
N Linseed oil has been used as a deck sealer with varying suc-
cess rates.
N Products within the same chemical family have been capable
of very different performance; therefore, the specific product
used is important.
N If a bridge deck is expected to be exposed to deicing salts,
any cracks should be sealed, as well as the full deck surface.
Sealing should be completed as soon as possible in the life of
the bridge to prevent as much chloride intrusion as possible.
N A variety of methods and materials exist and are in use today
for protecting bridge decks. Different states have varying
thoughts on the effectiveness of different types of products
and whether their use is economically beneficial.
N Both epoxy and methacrylate products are commonly used
as crack fillers/sealers and currently are the only products
in use by responding states. Silane and linseed oil are the
most commonly used deck sealers by responding states.
Other preservation approaches include barrier membranes
and overlays.
Volume 2
Based on completion of the 1600-day experimental program
and the field test, the following findings were developed:
N Sikadur 55 SLV and Dural 335, low-viscosity epoxies,
were shown to be effective in reducing corrosion in cracked
concrete by as much as 80 to 100%. The methacrylate crack
sealer MasterSeal 630 exhibited contradictory performance.
It was found that it has the potential to effectively seal
cracks; however, its performance in this experimental
program may have been sensitive to installation procedures
due to its lower viscosity as compared with the epoxies.
Furthermore, methacrylate crack sealers have been shown to
be more effective in narrower cracks (,0.016 in.) than those
investigated in this experimental program.
N The deck sealers MasterProtect H 440 HZ, MasterProtect H
400, and linseed oil were not effective at preventing salt
water intrusion in cracked concrete. The use of a deck sealer
does not prevent salt water intrusion at cracks; moreover,
the deck sealer may actually inhibit evaporation of mois-
ture from the deck, causing even more corrosion than in an
unsealed deck.
N The four crack and deck sealer combinations investigated
were extremely successful in reducing chloride ingress and
preventing corrosion activity for the duration of the experi-
mental program. The only exception to this performance was
the varied results of the sealer combination comprised of
crack sealer MasterSeal 630 and deck sealer MasterProtect H
440 HZ, which again suggests that MasterSeal 630 may have
been sensitive to installation methods.
N Simulation of traffic wear on uncracked concrete with applied
deck sealer revealed that the likelihood of corrosion increases
as the depth of sealer penetration is abraded over time. There-
fore, reapplication of deck sealers over time is warranted.
N Application of a deck sealer to reinforced concrete with pre-
existing corrosion did not appear to slow the rate of cor-
rosion. This finding was likely due to the presence of surface
cracks, which are not effectively sealed by use of a deck
sealer alone. However, given the observed effectiveness of
applying both a crack and deck sealer to reduce salt water
ingress, it is expected that the use of such a sealer com-
bination would effectively slow the rate of preexisting
corrosion.
N When installing a two-part epoxy crack sealer, the use of a
two-component joint sealer pump such as the model used in
the field test provides an effective and efficient means of
crack sealer application.
N Deck sealer application can be accomplished effectively and
efficiently by use of a truck-mounted sprayer bar, such as the
one developed for the field test.
Implementation
It is recommended that both localized crack sealers and deck
surface sealers are used to resist chloride ingress in the deck and to
reduce corrosion of the reinforcing steel. First, it is recommended
that wide cracks be sealed using epoxy crack sealers (Sikadur
55 SLV or Dural 335) and narrow cracks be sealed using a
methacrylate crack sealer (MasterSeal 630). Completion of crack
sealing should be followed by application of a deck sealer to
prevent/reduce ingress through the deck surface. Although all
three deck sealers in this experimental program were shown to be
effective, it should be noted that the use of MasterProtect H
440 HZ is no longer permitted in the state of Indiana. It should
also be noted that MasterProtect H 400 is a water-based product.
While this product can be effective for initial application, it is not
recommended for reapplication as water-based products repel
themselves wherever penetrating deck sealers remain from
previous applications.
To prepare for installation, it is recommended that dust and
debris be cleaned from the cracks and the deck surface prior to
application of crack sealers and deck sealers. Surface preparation
in the form of roughening or sandblasting, however, is not required
prior to sealer applications because the preexisting roughness of
the bridge deck from surface tining and traffic abrasion allow for
sufficient sealer penetration.
To maintain effectiveness of the sealer over time, it is recom-
mended that decks are resealed every 5 years. Traffic abrasion was
found to significantly reduce the effectiveness of deck sealers as it
removed the layer of protection provided by the sealer. Extended
reapplication times may be appropriate for bridges with low traffic
volumes. As discussed previously, reapplication of a water-based
product (such as MasterProtect H 400) is only effective in loca-
tions where the sealer has been removed as water-based products
repel themselves wherever traces of the sealer remain from previous
applications. For this reason, reapplication using non-water-based
sealers is recommended. If a water-based sealer is used, the remain-
ing penetration depth of the previous sealer should be removed
through preparation of the surface such as sandblasting to ensure
that the full penetration depth of the sealer can be achieved.
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1. INTRODUCTION
1.1 Introduction
Concrete bridge decks across the state of Indiana have
experienced ongoing degradation caused by applica-
tions of deicing salts during the winter seasons. Salt
water collects on the deck and permeates the concrete
through the cracks and the deck surface, allowing chlo-
rides to initiate corrosion of the reinforcing steel. Over
time, corrosion of the reinforcement leads to the need
for costly deck repairs or even deck replacement prior
to the expected service life of the bridge. The use of
localized crack sealers and deck surface sealers has the
potential of providing a cost-effective method of deck
preservation that could be implemented across the
state to prolong the life of bridge decks.
1.2 Corrosion
When deicing salts are applied to the bridge deck, the
salt mixes with the precipitation on the roadway to form
a saline solution that penetrates the deck either at crack
locations or by seeping through the pore structure of the
concrete. The steel reinforcement is protected by a passive
layer formed at its surface due to the alkalinity of the
surrounding concrete. When salt water reaches the depth
of the reinforcing bars, the chloride ions depassivate this
protective layer, allowing water and oxygen to cause
microcell and/or macrocell corrosion. These types of cor-
rosion involve an oxidation reaction at an anode location
from which electrons move through the steel bar to the
cathode location. The reduction of oxygen at the cathode
produces hydroxyl ions, which flow back to the anode
through the water in the pores of the surrounding con-
crete (Elsener, 2002).
In microcell corrosion, the anode and cathode are
both located along the same bar (Figure 1.1). In macro-
cell corrosion, the anode and cathode are on separate
bars electrically connected through steel chairs or adja-
cent transverse bars, as illustrated in Figure 1.2 (Hansson,
Pourasee, & Laurent, 2006). The use of sealers can pro-
tect the reinforcement from corrosion by preventing
the intrusion of water and chlorides.
1.3 Objective and Scope
The objective of this research program was to investi-
gate the long-term performance of concrete selected
crack and deck sealers in regards to their effectiveness
in reducing corrosion of bridge deck reinforcement when
exposed to deicing salts with a goal of extending the
service live of the bridge deck. The experimental pro-
gram was developed and initiated by Lyrenmann (2011).
The scope of his research included the following
components:
N Compile a literature review regarding the relative perfor-
mance of various sealers and installation methods.
N Survey State Departments of Transportation (DOTs) to
determine the scope and success of current bridge deck
preservation programs.
N Develop the experimental program and select test vari-
ables based on the results of the literature review and
DOT survey.
N Construct the specimens and initiate the experimental
program.
The scope of the research conducted here was as
follows:
N Expose and monitor the test specimens for a total dura-
tion of 1600 days.
N Autopsy the specimens to evaluate crack and deck sealer
performance.
N Evaluate the effectiveness of deck sealers in reducing cor-
rosion when applied to unsealed decks exhibiting
corrosion.
N Develop field application methods.
N Develop recommendations on the product selection and
application.
Chapter 2 discusses the development and implemen-
tation of the experimental program. Chapter 3 presents
approaches used to evaluate the performance of the
sealers including monitoring of electrical current, auto-
psy of the specimens, rating methods, chloride penetra-
tion, and deck sealer penetration. Chapter 4 presents
the test results along with a comparison of sealer per-
formance. Chapter 5 discusses methods that can be used
for the field implementation of a crack and deck seal-
ing program. Finally, Chapter 6 presents conclusionsFigure 1.1 Microcell corrosion (Lyrenmann, 2011).
Figure 1.2 Macrocell corrosion (Lyrenmann, 2011).
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from the experimental program and recommenda-




The experimental program was developed by
Lyrenmann (2011) to investigate the long-term effec-
tiveness of sealers in reducing corrosion of deck rein-
forcement. Lyrenmann compiled a literature review to
gather information regarding the relative performance
of various sealers and installation methods. In addi-
tion, a survey of State Departments of Transportation
(DOTs) investigated the scope and success of bri-
dge deck preservation programs. The knowledge gai-
ned from the literature review and DOT survey guided
the development of this experimental program and
the selection of variables to be studied. A summary of
the testing program is provided in this chapter, while
more detailed information can be found in Lyrenmann
(2011).
In addition to the variables of the original test pro-
gram, it was desired to investigate the effectiveness of
applying deck sealer to a previously unsealed bridge deck
with pre-existing corrosion. To simulate this scenario,
three unsealed control specimens were later sealed with a
deck sealer. The specimens were evaluated for the deck
sealers’ effect on slowing the rate of corrosion.
2.2 Macrocell Specimen Design
A set of 90 reinforced concrete specimens, called macro-
cells, were cast on September 19, 2010, using an Indiana
Department of Transportation (INDOT) Class C mix.
Each macrocell specimen has a depth of 8 in., similar to
that of a typical bridge deck. The specimens have a width
of 8 in. and a length of 24 inches (Figure 2.1).
The top and bottom mats of reinforcement are iden-
tical, each having two No. 4 longitudinal bars protrud-
ing from the concrete and three No. 4 transverse bars
of 6 in. length. Bar locations are shown in Figure 2.2.
2.3 Specimen Cracking
Bridge decks are known to develop full-depth tran-
sverse cracks with a typical width in the range of 0.016
to 0.020 in. at a spacing of 8 to 10 ft along the span due
to restrained concrete shrinkage (Frosch, Blackman, &
Radabaugh, 2003). To replicate these cracks in the mac-
rocell specimens, the loading setup shown in Figure 2.3
was used to grip the longitudinal bars to induce full-
depth transverse cracks with a target width of 0.020 in.
Approximately two-thirds of the macrocell speci-
mens were cracked in tension to simulate cracks in a
bridge deck where salt water can flow directly onto the
steel reinforcement. The applied tensile force produced
three to four cracks in each specimen. Typically, three
cracks formed at the locations of the transverse bars.
Meanwhile, the remaining one-third of the specimens
were not cracked, replicating the deck area spanning
between cracks. In these regions, the uncracked but
inherently porous concrete allows gradual infiltration
of salt water, enabling corrosion of the reinforcing bars
over time.
2.4 Specimen Groups
The 90 macrocells were sorted so each variable combi-
nation could be applied to a group of three specimens.
Cracked specimen groups were organized by distributing
the specimens with four cracks among the groups and by
making the group average crack widths as uniform as
possible. The cracked specimens constitute Groups 1 to
19. Groups comprised of uncracked specimens are desi-
gnated with a ‘‘U’’ as Groups 20U to 30U. The specimen
groups and crack widths are presented in Figure 2.4.
2.5 Application of Sealers
After cracking the specimens, crack and deck sealers
were applied. The products used in this study include
three crack sealers and three deck sealers as listed inFigure 2.1 Macrocell dimensions (Lyrenmann, 2011).
Figure 2.2 Specimen dimensions and reinforcement locations (Lyrenmann, 2011).
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Table 2.1. These sealers have been documented as being
effective at reducing corrosion, as revealed through a
literature review and a survey of various State Depa-
rtments of Transportation. The proprietary names of
some of the products have been changed by their
manufacturers since this study began. Former names
are listed for reference in Table 2.1; however, the
sealers will be referenced in this study by their current
product names. It is also important to note that
MasterProtect H 440 HZ, formerly Hydrozo Silane 40
VOC, is no longer permitted for use in the state of
Indiana due to a change in volatile organic compound
(VOC) emissions limitations, as dictated by the Indiana
Administrative Code, Article 326 IAC 8-14 (Appendix A).
This rule requires that waterproofing concrete or masonry
sealers have a VOC limit of 400 grams/liter (g/L). Master-
Protect H 440 HZ only reports the VOC content to be
, 600 g/L. Because it does not indicate a specific value,
it is not possible for Indiana to determine compliance with
the rule. Consequently, the product is considered to be in
violation of the rule.
2.6 Application of Service-Load Stress
After the applied sealers were fully cured, the cracked
specimens were then restressed to 2/3 of yield stress
(40 ksi) to replicate additional stresses created in a
bridge deck due to live traffic loading and thermal
response, using the same cracking mechanism as shown
in Figure 2.3. This operation was intended to provide a
more accurate representation of crack sealer perfor-
mance on a bridge deck as the sealers are subjected to
stress. Sealers with adequate strength and flexibility
should maintain their ability to resist salt water ingress
despite restressing.
2.7 Salt Water Exposure
The specimens were exposed to chlorides by ponding
salt water on the top surface to allow the solution to
access the reinforcement through the cracks or thro-
ugh the pores of the concrete. To prevent the salt water
from draining through the cracked specimens, the
cracks were sealed on the sides and bottom of the speci-
mens with silicone. Then, acrylic enclosures were con-
structed on the top of each specimen to facilitate
ponding a depth of about 1.5 in. of salt water on the
specimens using a saline solution that was 3%-by-
weight sodium chloride.
The intent of the experiment was to study corrosion of
the bars within the concrete due to chloride ingress only
from salt water ponded on the top surface. To achieve
this, precautions were taken to resist corrosion of the
exposed steel and to prevent chloride ingress through
the concrete on the other sides of the specimens. First, the
ends of the longitudinal bars protruding from the concrete
were painted with Rust-Oleum Stops Rust paint to resist
corrosion. Finally, in accordance with ASTM G109-07
(2007), the exterior of the macrocell specimen was coated
with a waterproofing product, Sikagard 62. The only areas
of exposed concrete were the top surface to allow salt
water ingress and some areas on the bottom surface to
allow moisture to migrate out of the specimen. Figure 2.5
shows a specimen after application of these coatings.
The exposure regimen consisted of four-week cycles
that each included both a wet and dry period. Salt
water was poured into the acrylic enclosures and kept at
a depth of 1.5 in. for two weeks. Then, the water was
removed with a vacuum to allow the specimens to dry
for two weeks. The first wet cycle was initiated on
September 21, 2011, and the exposure regimen was
continued throughout the experimental program.
Figure 2.3 Specimen cracking system (Lyrenmann, 2011).
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Figure 2.4 Specimen groups (Lyrenmann, 2011).
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2.8 Specimen Instrumentation
The ends of the longitudinal bars protruding from the
concrete were instrumented to facilitate the measure-
ment of electrical activity in each specimen. The two ends
of a 14-gauge copper wire were wrapped around the
two top bars and secured with electrical tape and plastic
ties, electrically connecting the bars of the top mat of
reinforcement. The same procedure was completed for
the bottom mat. A 100-ohm resistor was soldered to
connect the bottom mat to the top mat. The datalogger
wires were soldered to either end of the resistor to allow
the datalogger to record the voltage drop across the
resistor. The completed electrical wiring is shown in
Figure 2.6. Once the wiring was completed for the entire
testing room (Figure 2.7), data acquisition was initiated
on September 21, 2011, which coincided with the first day
of salt water exposure.
2.9 Test Variables
The 90 macrocell specimens were divided into 30
groups of three, which allowed for a variety of variable
combinations to be evaluated. Groups 1 to 19 were
comprised of cracked specimens used to investigate
corrosion activity resulting from crack sealers and deck
sealers independently, crack and deck sealer combina-
tions, no sealers, application of restressing after sealing,
surface preparation for crack sealers, epoxy-coated
reinforcement, and surface tining. The uncracked speci-
mens of Groups 20U to 30U were studied for the effects
of deck sealers, surface preparation for deck sealers,
and traffic wear on deck sealers.
Figure 2.8 lists the groups, specimens, and varia-
bles that constitute the test matrix. As mentioned pre-
viously, groups with numbers followed by a ‘‘U’’ are
uncracked specimens (Groups 20U to 30U). Unsealed
control specimens in Groups 11, 23U, and 30U were
later sealed with MasterProtect H 400 at 1375 days
(shown with specimen number followed by ‘‘-S’’), as
discussed in Section 2.10. One specimen in each group,
denoted by an asterisk (*), was autopsied and removed
from the test during a preliminary autopsy by Pol-
lastrini in 2013. These specimens were selected based
upon a review of recorded electrical data, and the
reason for selection is noted in Table 2.2. The selected
specimens were disconnected from the datalogger after
Day 617. As a result, test data up to 1600 days was only
collected from the two remaining specimens from each
group. The specimens opened during the preliminary
autopsy in 2013 denoted by an asterisk (*) only have
electrical data recorded up to 617 days.
TABLE 2.1
Sealer products.
Use Product Name Former Name Manufacturer Description
Crack Sealer Sikadur 55 SLV – Sika Corp. Low-viscosity epoxy
Dural 335 – Euclid Chemical Low-viscosity epoxy
MasterSeal 630 Degadeck CSP
(Crack Sealer Plus)
BASF Methacrylate
Deck Sealer MasterProtect H 440 HZ Hydrozo Silane 40 VOC BASF Solvent-based 40% silane
penetrating sealer
MasterProtect H 400 Enviroseal 40 BASF Water-based 40% silane
penetrating sealer
Linseed Oil – Euclid Chemical Blend of boiled linseed
oil and solvents
Figure 2.5 Waterproofed specimen (Lyrenmann, 2011).
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2.9.1 Crack Sealers
The crack sealers Sikadur 55 SLV, Dural 335, and
MasterSeal 630 were applied to cracked Groups 1, 4,
and 7, respectively. As shown in Table 2.1, Sikadur 55
SLV and Dural 335 are both low-viscosity epoxies, while
MasterSeal 630 is a methacrylate. During installation, the
most distinguishing difference between the epoxy and
methacrylate sealers was their viscosities. The low-viscosity
epoxies have a viscosity of 80 to 105 centipoise (cP);
however, the methacrylate has a much thinner consistency
with a viscosity of only 5-15 cP, similar to that of water.
Performance of epoxy and methacrylate sealers was
studied by Frosch, Gutierrez, and Hoffman in 2010.
Epoxy crack sealers were recommended for larger crack
widths (. 0.016 in.), while methacrylate crack sealers were
recommended for smaller crack widths (, 0.016 in.)
(Frosch et al., 2010). The crack widths in this study are
at the transition point; therefore, both products were
evaluated.
Figure 2.6 Specimen instrumentation (Lyrenmann, 2011).
Figure 2.7 All specimens prepared for data acquisition (Lyrenmann, 2011).
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Prior to product application, the cracks were clea-
ned with compressed air to remove dust and debris.
The cracks were sealed at the side and bottom surfaces
of the specimens with masking tape to prevent the
products from draining during installation. At this
stage, silicone had not yet been applied at the cracks on
the sides and bottom surface of the concrete. The
silicone was applied later to prevent the salt water from
Figure 2.8 Assigned test variables.
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draining through the cracks. Crack sealers were applied
by a gravity feed method of pouring the product over
the cracks, as shown in Figure 2.9. A squeegee was used
to pond the material at the cracks so more sealer could
be added until product refusal.
2.9.2 Deck Sealers
The deck sealers MasterProtect H 440 HZ, Master-
Protect H 400, and Linseed Oil were applied to the
surfaces of cracked Groups 2, 5, and 7. Compressed air
was used to clean the cracks and surface of dust and
debris prior to product application. The volume of
material selected for each product application was
determined to be within the target coverage range speci-
fied by the product manufacturer. The sealers were
applied by brush with the recommended number of
coats and the recommended duration of drying time
between coats. No intentional filling of the cracks was
performed as these materials were considered for use as
a surface sealer. Application of deck sealers is shown in
Figure 2.10.
2.9.3 Crack Sealer and Deck Sealer Combinations
The four combinations of crack and deck sealers
listed in Table 2.3 were applied to cracked specimens in
Groups 3, 6, 8, and 10. For each specimen, the crack
sealer was applied first and allowed to cure, followed
by the application of the deck sealer. Crack sealer and
deck sealer installations were completed as discussed
previously in Sections 2.9.1 and 2.9.2.
2.9.4 Control
Group 11 serves as the cracked control group with
no applied sealers. The salt water ponded on these
specimens was able to flow through the full-depth
cracks to initiate the corrosion process as early as the
first test day.
2.9.5 Restressing
As discussed previously, the cracked specimens were
restressed to 2/3 of yield stress (40 ksi) following the
curing of the sealers to simulate stresses in a bridge deck
in the field due to concrete shrinkage, thermal effects,
and loading conditions. However, it was desired to
compare the effects of sealers in restressed specimens
with the effects of identical sealers in specimens that
had not been restressed. Group 12 was used to study
the effectiveness of Sikadur 55 SLV when the specimen
has not been restressed. The specimens of Group 13
TABLE 2.2
Preliminary autopsy specimen selection notes.
Group Specimen Autopsied Selection Notes
1 9 Specimen shows electrical activity during beginning of experiment
2 19 Specimen exhibits middle electrical activity during past 150 days
3 10 Specimen has 3 cracks, similar to most other specimens being selected
4 36 Specimen exhibits slightly more electrical activity
5 7 Specimen exhibits middle electrical activity
6 14 Specimen shows initial electrical activity followed by an unusual trend of decreasing electrical activity
7 51 Specimen exhibits middle electrical activity during past 100 days
8 6 Specimen shows a large, positive current spike
9 20 Specimen displays largest electrical activity
10 53 Specimen exhibits middle electrical activity
11 44 Specimen exhibits middle electrical activity
12 28 Specimen exhibits largest electrical activity
13 39 Specimen shows slightly positive current, and has the most measurement "noise"
14 8 Specimen shows unusual current spike
15 4 Specimen exhibits slightly more electrical activity
16 34 Specimen exhibits slightly more electrical activity
17 30 Corrosion appears on the small areas of the concrete surface
18 57 Specimen exhibits middle electrical activity for majority of experiment
19 59 Specimen displays the least amount of measurement "noise"
20U 62 All samples appear similar; no distinguishing attributes
21U 64 All samples appear similar; no distinguishing attributes
22U 68 All samples appear similar; no distinguishing attributes
23U 92 Specimen displays the earliest onset of electrical activity
24U 74 All samples appear similar; no distinguishing attributes
25U 75 All samples appear similar; no distinguishing attributes
26U 79 Specimen displays a small current spike early in experiment
27U 83 All samples appear similar; no distinguishing attributes
28U 84 Specimen with large current spike is desired to be left in commission
29U 89 All samples appear similar; no distinguishing attributes
30U 70 Specimen exhibits middle electrical activity
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were also not restressed after being treated with the
sealer combination of Sikadur 55 SLV and Master-
Protect H 440 HZ.
2.9.6 Surface Preparation for Crack Sealers
The manufacturers of two of the three crack sealers,
Dural 335 and MasterSeal 630, recommend light sand-
blasting or shotblasting of the entire concrete surface
area followed by cleaning with compressed air prior to
sealer installation. To study this recommendation, the
entire top surface of the specimens in Groups 14 and 15
were lightly sandblasted prior to the application of
Dural 335 and MasterSeal 630, respectively. A visual
comparison of the typical smooth specimen surface
finished with a magnesium float and the surface after
light sandblasting is presented in Figure 2.11.
2.9.7 Epoxy-Coated Reinforcement
Although standard black steel reinforcement was
used to construct the specimens in this study, epoxy-
coated reinforcement is typically used for construction
of bridge decks in the state of Indiana. Consequently,
it was desired to include epoxy-coated reinforcement
in two specimen groups. Group 16 consisted of cracked
control specimens incorporating epoxy-coated bars and
no applied sealers. Epoxy-coated reinforcement was also
used in Group 17, which was subsequently treated with
a sealer combination of Sikadur 55 SLV and Master-
Protect H 440 HZ.
The epoxy coating of the reinforcement is prone to
damage in the field during transport, erection, and
casting. Such defects in the coating become localized
areas of vulnerability that allow chlorides to access the
steel and initiate corrosion. To simulate these flaws in
the epoxy coating, a grinder was used to expose a
targeted amount of 2 percent of the total surface area of
Figure 2.9 Installation of crack sealers (Lyrenmann, 2011).
Figure 2.10 Application of deck sealers (Lyrenmann, 2011).
TABLE 2.3
Sealer combinations.
Group No. Crack Sealer Deck Sealer
3 Sikadur 55 SLV MasterProtect H 440 HZ**
(Epoxy) (Solvent-based 40% silane)
6 Dural 335 MasterProtect H 400
(Epoxy) (Water-based 40% silane)
8 Sikadur 55 SLV Linseed Oil
(Epoxy)
10 MasterSeal 630 MasterProtect H 440 HZ**
(Methacrylate) (Solvent-based 40% silane)
**Use of MasterProtect H 440 HZ is no longer permitted in the
state of Indiana.
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the bar contained within the concrete specimen. This
amount of damaged coating is the maximum amount
allowed before it is required to be repaired in accor-
dance with ASTM A775 (2016). Intentional damage
was induced to small areas at 3 in. increments along
the longitudinal reinforcing bars (Figure 2.12) and at
1.25 in. increments along the transverse bars. Damage
at these locations allowed for direct contact of the black
steel of the longitudinal and transverse bars, which
created electrical connection between the bars.
2.9.8 Surface Tining
Bridge decks are typically constructed with surface
tining to roughen the deck to create a safer driving
surface for icy conditions. The tool shown in Figure
2.13 was constructed to form tines in the surface of
the specimens in Groups 18 and 19, simulating bri-
dge deck tining. Cracked control Group 18 was treated
with surface tining and no sealers to understand the
effect of a surface tined surface on salt water ingress
over time. Group 19 was surface tined and treated with
a combination of Sikadur 55 SLV and MasterProtect
H 440 HZ to determine whether the roughened surface
would impede the sealers’ ability to penetrate and pro-
tect the cracks and the surface. Completed specimens
with surface tining are shown in Figure 2.14.
2.9.9 Deck Sealers (Uncracked Specimens)
Groups 20U, 21U, and 22U consist of uncracked
specimens treated with deck sealers MasterProtect H
440 HZ, MasterProtect H 400, and Linseed Oil, res-
pectively. The surface of these specimens is a typical
smooth finish created using a magnesium float. Deck
sealers were applied in the same manner as discussed
previously in Section 2.9.2. Group 23U serves as the
uncracked control group.
2.9.10 Surface Preparation for Deck Sealers (Uncracked
Specimens)
Deck sealer product manufacturers often specify
sandblasting or shotblasting followed by cleaning with
compressed air prior to sealer application. This procedure
may open the pores of the concrete structure, allowing
for deeper penetration of the sealer. Groups 24U, 25U,
and 26U were sandblasted to a depth of 1/16 in. prior to
the application of MasterProtect H 440 HZ, Master-
Protect H 400, and Linseed Oil, respectively. A com-
parison of the typical smooth, magnesium float surface
and the sandblasted surface is shown in Figure 2.15.
Group 30U serves as an uncracked control group with
1/16in. of sandblasting and no applied sealers.
2.9.11 Deck Sealer Traffic Wear (Uncracked
Specimens)
Traffic wear on a sealed bridge deck slowly abrades
the top surface of the concrete, where the penetrating
sealer has filled a layer of the concrete pores to prevent
the ingress of salt water. Over time, this protective layer
is worn away, reducing the sealer’s ability to protect the
reinforcement from corrosion. To study the effects of
Figure 2.11 Sandblasting surface preparation for crack sealers (Lyrenmann, 2011).
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traffic wear on deck sealers, specimens with a smooth,
magnesium float finish were sealed with a deck sealer,
allowed to cure, and then sandblasted. A depth of 1/16
in. of sandblasting (Figure 2.15) was used to simulate
10 years of traffic wear on a sealed bridge deck. Groups
27U, 28U, and 29U were treated with MasterProtect
H 440 HZ, MasterProtect H 400, and Linseed Oil, res-
pectively, followed by sandblasting. Group 30U served
as an uncracked control group with 1/16 in. of sand-
blasting and no applied sealers.
2.10 Application of Deck Sealer to Previously Unsealed
Control Specimens
To simulate the application of a deck sealer to an
existing bridge deck with actively-corroding reinforce-
ment, deck sealers were applied on test day 1375 to three
control specimens, each from a different control group.
At this stage of the experiment, only two specimens
remained in each group because one specimen of each
group was autopsied at 617 days. Of the two specimens
remaining in each control group, the one recording the
highest electrical activity was selected to be sealed at 1375
days.
The specimens selected for sealing included cracked
control No. 22 from Group 11, uncracked control
No. 91 from Group 23U, and sandblasted uncracked
control No. 69 from Group 30U. Prior to being
sealed, the specimen surfaces were first cleaned with
compressed air. The specimens were then sealed
with MasterProtect H 400 (water-based, 40-percent
silane).
2.10.1 Application of Deck Sealer to Cracked Control
Specimen
For the cracked control Specimen No. 22, the cracks
were first flooded using a squeegee to pond the material
over the cracks (Figure 2.16). A brush was then used to
apply sealer to the entire top surface of the specimen.
The specimen immediately after sealing is shown in
Figure 2.17.
Figure 2.12 Damage introduced in epoxy coating (Lyrenmann, 2011).
Figure 2.13 Surface tining tool (Lyrenmann, 2011). Figure 2.14 Specimens with surface tining (Lyrenmann, 2011).
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2.10.2 Application of Deck Sealer to Uncracked Control
Specimens
Prior to sealing uncracked Specimens No. 91 and
No. 69, it was noted that cracks had formed in the top
surface of both specimens. Although these specimens
were originally uncracked, it is presumed that the
cracking was caused by expansion of the corroded
reinforcement within the specimens. The crack patterns
observed prior to sealing are outlined in Figure 2.18.
During sealer application, there was no attempt made
to flood the cracks. Instead, a volume of sealer mea-
sured to be within the recommended coverage range
was brushed onto the top surface of the specimens
(Figure 2.19). Photos of the specimens directly after
sealer application are shown in Figure 2.20.
Figure 2.15 Sandblasting surface preparation for deck sealers (Lyrenmann, 2011).
Figure 2.16 Applying deck sealer to cracked control
Specimen No. 22.
Figure 2.17 Sealer applied to cracked control Specimen No. 22.
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Figure 2.18 Crack patterns observed on uncracked control specimens.
Figure 2.19 Applying deck sealer to uncracked control Specimen No. 91.
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3. PERFORMANCE ASSESSMENT
3.1 Introduction
The effectiveness of sealers in reducing corrosion was
examined throughout the duration of the study and at
the completion of the experimental program using several
different approaches. Corrosion was monitored through-
out the 1600 test days by measuring macrocell electrical
activity. After 617 days, a preliminary autopsy of one-
third of the specimens was completed by Pollastrini
(2013) to visually assess corrosion progress and correlate
the electrical data with the observed corrosion. Following
the completion of 1600 days, the remaining two-thirds of
the specimens were autopsied, and two rating schemes
were used to quantify the amount of corrosion observed
in the specimens. Finally, studies of chloride penetration
depth and sealer penetration depth were used to further
investigate the effectiveness of deck sealers in uncracked
concrete. The subsequent sections discuss the equipment
and procedures implemented to collect and process the
data recorded through each of the approaches.
3.2 Electrical Measurements
Using physical observation to monitor corrosion
throughout the duration of the experiment is not pra-
ctical, as it would require periodic autopsies, thus des-
troying the specimens. However, measurement of the
electrical current allows for nondestructive monitoring
of the corrosion activity throughout the experimental
program.
Corrosion is an electrical process involving the flow
of electrons from anodic to cathodic locations in the
steel reinforcement. Macrocell corrosion involves the
formation of the anode and cathode locations on sepa-
rate mats of reinforcement; therefore, the electrons flow
from the top mat to the bottom mat, or vice versa. By
attaching a resistor to the bars to connect the top mat
to the bottom mat and using a datalogger to periodi-
cally record the difference in voltage on either side of
the resistor, it is possible to measure the current, or flow
of electrons, between the two mats, thus measuring cor-
rosion occurring in the specimen.
3.2.1 Data Collection
A Campbell Scientific CR10X datalogger was used
to automatically record measurements of the voltage
drop across the resistor every six hours. The resulting
output consisted of four voltage measurements per day
over a period of 1600 days.
3.2.2 Sources of Data Error
Two identified sources of electrical data error include
data discontinuities and corrosion of exposed steel.
Figure 2.20 Sealer applied to uncracked control specimens.
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3.2.2.1 Data Discontinuities. There are two circum-
stances in which linear interpolation was used to fill gaps
in the data collected over the 1600 test days. First, some
of the raw data collected from the datalogger included
data points with a value of "-6999" instead of the voltage
drop measured in millivolts (mV). These values appeared
in nine of the specimens, as listed in Table 3.1. Secondly,
linear interpolation was used to fill a 22-day gap in the
data collection from Day 1376 to Day 1397, due to
temporary loss of power to the datalogger.
3.2.2.2 Corrosion of Exposed Steel. It is important to
note that the electrical measurements recorded by the
datalogger include all corrosion activity, including that
potentially occurring on the exposed ends of the bars
protruding from the concrete. This is critical because the
intent of the macrocell specimen is to evaluate the sealers’
effectiveness in reducing corrosion by preventing salt
water ingress from the top surface of the specimen.
Therefore, only corrosion occurring inside the concrete is
relevant to the performance of the sealers.
The highly-corrosive environment of the testing room
often led to corrosion at the protruding ends of the
longitudinal bars (Figure 3.1), despite the fact that these
locations were sealed with Rust-Oleum Stops Rust paint
and waterproofing sealer Sikagard 62. Corrosion of the
protruding ends of the bars increases the measured ele-
ctrical current, which results in electrical data that over-
estimates the corrosion occurring within the specimen.
Corrosion of the exposed steel is considered to be a source
of error in this study because its occurrence is unrelated to
the performance of the applied sealers.
In an attempt to mitigate this error, a drill with a wire
brush attachment was used periodically throughout the
TABLE 3.1
Erroneous electrical data points.
Group No. Specimen No. No. of Days in Service
No. of -6999 Data
Points
Total No. of Data
Points Recorded Percentage of Total
2 3 1600 2013 6400 31.5%
8 6* 617 239 2468 9.5%
2 19* 617 195 2468 7.8%
6 49 1600 494 6400 7.7%
24U 73 1600 416 6400 6.5%
14 8* 617 121 2468 4.8%
24U 74* 617 8 2468 0.32%
11 44* 617 5 2468 0.20%
25U 75* 617 1 2468 0.04%
*Specimen autopsied and removed from test during preliminary autopsy in 2013.
Figure 3.1 Corrosion of exposed steel.
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test to remove any corrosion observed on the exposed
steel. Following removal of the corrosion, the exposed
steel was then resealed with the waterproofing sealer,
Sikagard 62. However, it was found during autopsy that
corrosion often continued to progress unseen beneath the
waterproofing sealer. The severity of corrosion on the
exposed steel was assessed as part of the visual rating
system during autopsy to identify electrical measurements
with possible contributions due to corrosion of exposed
steel. Documentation of exposed steel corrosion is
discussed further in Sections 3.3.4.1 and 3.3.4.2.
3.2.3 Data Processing
A Campbell Scientific CR10X datalogger produced a
record of the electrical potential (voltage drop) across
the resistor, measured in millivolts (mV), which inclu-
ded four data points per day for 1600 test days. The
voltage data was first converted from millivolts to volts
and then the average value of electrical potential was
calculated for each day. Using the daily average electri-
cal potential, the total corrosion was calculated using
equations according to ASTM G109-07 (2007).
3.2.3.1 Ohm’s Law. Ohm’s Law defines the relation-
ship between electrical potential, resistance, and current
(Equation 3.1). The resistance of each 100-ohm resistor
was measured to the nearest hundredth ohm using a
multimeter. Current (I) was calculated using the known
quantities of resistance (R) and electrical potential (V).
I~V=R ð3:1Þ
I 5 Current (amperes)
V 5 Electrical potential (volts)
R 5 Resistance (ohms)
3.2.3.2 Total Corrosion. The current was integrated
over time to determine the total current (often referred
to as total corrosion), in coulombs, using the equation
presented in ASTM G109-07 (2007), Section 10.1.8
(Equation 3.2). The integration is computed by sum-
ming the trapezoidal areas under the current versus







TCj 5 Total corrosion (coulombs) at time-step j
tj 5 Time (seconds) at time-step j
ij 5 Current (amperes) at time-step j
3.3 Autopsy of Specimens
After the acquisition of 1600 days of electrical acti-
vity data, the specimens were autopsied from February
29 to April 9, 2016. An electric saw with a diamond-
tipped blade was used to create longitudinal cuts in the
specimens. A hammer, chisel, and pry bar were then
used to expose and remove the longitudinal reinforce-
ment. The transverse bars were not removed from the
uncracked specimens. However, in the cracked speci-
mens, the transverse bars were typically positioned at
the cracks, which facilitated their removal. At the
completion of each autopsy, the reinforcing bars were
carefully examined, and the corrosion was visually
evaluated. The severity of corrosion was quantified
using two different rating methods, as described in
Section 3.3.4. The condition of each specimen was
documented with photographs throughout autopsy and
evaluation which allows them to be referenced later
during final data analysis.
Although all the other specimens in the experiment
were autopsied after 1600 test days, the three control
specimens that were sealed at 1375 days remained con-
nected to the datalogger and exposed to salt water
ponding until 1742 test days to prolong the investiga-
tion of the effects of the sealer application. The three
sealed control specimens were then disconnected and
autopsied at 1742 days.
3.3.1 Preparation of a Specimen for Autopsy
After first being disconnected from the datalogger,
the specimens were removed from the testing room. The
acrylic salt water ponding enclosures were removed,
and the protruding ends of the longitudinal bars were
labeled with the group number, specimen number, and
bar location (top right, top left, bottom right, or bot-
tom left). Two cut lines were drawn on each of the four
longitudinal faces. The locations of the cracks were recor-
ded for the cracked specimens (Appendix B provides
complete details). Any distinguishing features were docu-
mented with photographs and notes. Figure 3.2 shows a
specimen prepared for autopsy.
3.3.2 Cutting
Specimens were cut using a Hilti DCH-EX 300 ele-
ctric saw and 12 in. diamond-tipped blade (Figure 3.3)
with an attached Hilti VC 40-U vacuum used to contain
the majority of the dust produced. Cuts were made
along lines parallel to and at least 0.5 in. offset from the
longitudinal bars to avoid inadvertent damage to the
bars. Two cuts were made on each of the four longi-
tudinal faces, totaling eight (8) cuts per specimen, as
shown in Figure 3.4.
3.3.3 Specimen Autopsy
A hammer, chisel, and pry bar were used to expose
the longitudinal reinforcement (Figure 3.5) while
exercising caution to avoid damage to the bars. Photo-
graphs were taken prior to removing the bars, often
with the detached pieces of concrete placed on the top
surface of the specimen to show the steel-to-concrete
interface as seen in Figure 3.6. The longitudinal bars
were removed from the specimen after cutting the
plastic ties that held them fastened to the transverse
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bars. For cracked specimens, the transverse bars were
then labeled prior to removal. The transverse bars
were tapped with a hammer to split open the concrete
at the cracks (Figure 3.7). Another tap from the ham-
mer dislodged the transverse bars from the concrete at
the crack interface. In the few cases when the cracks
were not at the location of the transverse bars, addi-
tional saw cuts were made to induce cracks allowing
Figure 3.2 Specimen prepared for autopsy.
Figure 3.3 Cutting the specimens.
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access to the transverse bars. Corrosion product obser-
ved staining the concrete at a crack interface was docu-
mented with photographs as shown in Figure 3.8.
3.3.4 Autopsy Ratings of Observed Corrosion
Once the reinforcing bars were removed from the
concrete, they were closely examined for corrosion.
Two rating methods were used to quantify the severity
of corrosion observed. The first rating method was used
by Pollastrini (2013) during the preliminary specimen
autopsies in 2013 and was based on a method originally
developed by Salas, Kotys, West, Breen, and Kreger
(2002). This approach is referred to here as the Autopsy
Increment Rating Method. Additionally, in an effort
to make the visual ratings as objective as possible,
corrosion was also quantified using a second method
referred to here as the Autopsy Crack Location Rat-
ing Method. The notes and visual ratings recorded
during autopsy for each specimen are presented in
Appendix C.
3.3.4.1 Autopsy Increment Rating Method. Salas et al.
(2002) developed a method of rating the severity of
observed corrosion on mild steel bars. A modified
version of this method was selected for use in this study
because it incorporates both the extent and degree of
corrosion. This section discusses the original method
developed by Salas et al. (2002), the modifications to
the method that were implemented in this study, and
the modifications to the method that were used during
the preliminary autopsy (Pollastrini, 2013).
3.3.4.1.1 Autopsy Increment Rating Method Devel-
oped by Salas et al. (2002). The rating method
developed by Salas et al. (2002) involves dividing the
length of the bars into increments, examining each
increment, and assigning a numerical rating based on
Figure 3.4 Specimen with completed cuts.
Figure 3.5 Autopsying the specimens.
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the corrosion observed within its length. Ratings are
assigned at intervals along both the top and bottom
halves of each bar. The numerical rating scale and descr-
iptions developed by Salas are presented in Figure 3.9.
The total specimen corrosion rating is calculated by the
summation of all the increment ratings for the top and
bottom halves of all the bars in the specimen as shown
by Equation 3.3.
Figure 3.6 Steel-to-concrete interface at autopsy.
Figure 3.7 Specimen split at the cracks.
Figure 3.8 Corrosion product at crack interface.
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   ð3:3Þ
n 5 Total number of bars in the specimen
k 5 Bar number, from 1 to k
j 5 Total number of intervals in Bar k
i 5 interval number, from 1 to j
RBarTop,i 5 Top-half corrosion rating in interval i of
Bar k
RBarBar,i 5 Bottom-half corrosion rating in interval i
of Bar k
3.3.4.1.2 Modified Autopsy Increment Rating Met-
hod Used in This Study. Some modifications were
made to the method developed by Salas et al. (2002)
before it was implemented in this study. Adjustments
were made to both the rating values as well as the
descriptions listed in Figure 3.9. First, the R2 rating
value used for the most severe corrosion category, loss
of cross-sectional area, was replaced with a rating of 16.
This value was chosen to simplify the rating method by
forgoing the need to estimate the cross-sectional area
reduction in percent. Instead, increments displaying
area reduction were assigned a rating of 16, which
continues the pattern of doubling the rating for each
successive increase in the extent of corrosion. The bar
examinations were completed by visual assessment
only, without the use of a cleaning pad, so references
to use of a cleaning pad have been removed from the
category descriptions. The modified rating scale used in
this study is shown in Figure 3.10 with photographs
included to illustrate representative samples of each
corrosion category.
To implement the Autopsy Increment Rating Met-
hod, each bar was divided into 2 in. increments along
the length of bar contained in the concrete. During
examination, the bars were placed on a display board
with the increment locations designated on yardsticks
fastened parallel to the longitudinal bars. Photographs
were taken of the top and bottom halves of both the
top and bottom mats of reinforcement. For example,
Figure 3.11 shows the display board illustrating the
increment divisions for the top half of the top mat of
Specimen No. 22 in Group 11.
As shown in Figure 3.11, the 24 in. length of each
longitudinal bar was divided into 12 increments. Simi-
larly, each 6 in. transverse bar was divided into 3 incre-
ments. A rating was assigned to both the top-half and
bottom-half of each increment, so each longitudinal
bar was assigned a total of 24 increment ratings, while
each transverse bar was assigned a total of 6 increment
ratings.
Typically, the total specimen corrosion rating was
calculated using the summation equation developed by
Salas et al. (2002) as shown previously by Equation 3.3.
However, during examination, corrosion was often
observed on the ends of the longitudinal bars protrud-
ing from the concrete, despite having been sealed with
both Rust-Oleum Stops Rust paint and Sikagard 62
(Figure 3.12). As discussed previously in Section 3.2.2.2,
corrosion of this exposed steel is considered a source
of error because it causes an increase in the electrical
measurements, resulting in an overestimation of the
level of corrosion activity within the specimen.
To quantify this error, increment ratings were assi-
gned to both the top and bottom halves of each of the
eight (8) bar ends protruding from the concrete. The
Figure 3.9 Evaluation and rating system for corrosion found on mild steel bars (Salas et al., 2002).
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total error rating for each specimen was calculated by
the summation of the ratings assigned to the top and
bottom halves of each of the eight (8) protruding bar
ends (Equation 3.4).
Figure 3.10 Rating scheme for Autopsy Increment Rating Method.
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RBar End Top,izRBar End Bot,i
  ð3:4Þ
i 5 Bar end number, from 1 to 8
RBarEndTop,i 5 Top-half corrosion rating of bar end i
RBarEndBot,i 5 Bottom-half corrosion rating of bar
end i
During examination of the bars, it was found that, in
some cases, corrosion had initiated at the protruding
ends of the bars and spread along the bar to portions
of the bar that were inside the concrete. Taking this
into consideration, corrosion observed on the top or
bottom of the bars in interior increments No. 1 and
12, located adjacent to the front and back faces of the
specimen, was examined carefully to identify the
source of deterioration. If the corrosion in increment
No. 1 or 12 appeared to be a result of corrosion sprea-
ding from the crack location at the interior of the
specimen (Case 1), then Equations 3.3 and 3.4 were
used as described previously. However, if the corro-
sion in a given increment No. 1 or 12 appeared to be a
result of corrosion spread inward from the outside of
the specimen (Case 2), then the respective increment
rating was not included as part of the Specimen
Autopsy Increment Rating, but rather was included as
part of the error calculated for the specimen.
Figure 3.11 Reinforcement display board with designated increment division.
Figure 3.12 Corrosion on end of longitudinal bar.
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The top and bottom halves of the bottom left longi-
tudinal bar in Specimen No. 22 of Group 11 provide
an example. The bottom half of the bar (Figure 3.13
and Figure 3.14) shows Case 1, where over half the cor-
rosion in increment No. 1 appears to be a result of the
crack that formed in increment No. 3. However, on the
top half (Figure 3.15), the corrosion in increment No. 1
appears to have originated on the exposed steel outside
the specimen, an example of Case 2.
Figure 3.16 shows the calculation of the Specimen
Autopsy Increment Rating and Error for Specimen
No. 22. Specifically, it displays a color-coded represen-
tation of the calculations of the interior increment
rating (blue) and the error (red) for the bottom left
Figure 3.13 Corrosion on bottom half of increment No. 1.
Figure 3.14 Close-up of corrosion on bottom half of increment No. 1.
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longitudinal bar of Specimen No. 22. On the top half,
the rating for increment No. 1 is included in the sum of
the bar error ratings. On the bottom half, the rating for
increment No. 1 is included in the sum of the bar inte-
rior corrosion rating. The interior corrosion rating for
the bottom left bar is added to that of the other bars to
calculate the Specimen Autopsy Increment Rating.
Similarly, the error rating for the bar is summed with
the error ratings of the other longitudinal bars to cal-
culate the Specimen Error.
3.3.4.1.3 Autopsy Increment RatingMethod Used by
Pollastrini (2013). The Salas et al. (2002) method was
also used by Pollastrini (2013) during the preliminary
autopsy completed after 617 test days. First, the ratings
were assigned using the scale shown in Figure 3.10, and
the Specimen Autopsy Increment Rating was calculated
using Equation 3.3. However, Pollastrini then gener-
ated what was referred to as a Generalized Corrosion
Rating, which divided the Specimen Autopsy Increment
Rating by the increment length of 2 in. as shown in
Equation 3.5. Pollastrini’s results were reported using
this Generalized Corrosion Rating. Because Pollastrini
reported results using the Generalized Corrosion Rat-
ing and this study uses the original Specimen Autopsy
Increment Rating, the autopsy ratings developed by
Pollastrini are not referenced in the results of this study.
However, his ratings can be simply multiplied by two
(2) which can provide for relative comparison. It should
be noted that while this rating method attempts to be
objective, there still remains subjectivity, as the assigned
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l 5 Length of increment (in.)
n 5 Total number of bars in the specimen
k 5 Bar number, from 1 to k
j 5 Total number of intervals in Bar k
i 5 interval number, from 1 to j
RBarEndTop,i 5 Top-half corrosion rating in interval i
of Bar k
RBarEndBot,i 5 Bottom-half corrosion rating in inter-
val i of Bar k
3.3.4.2 Autopsy Crack Location Rating Method.
Because corrosion typically occurs along the reinfor-
cement at the location of cracks, a simplified autopsy
rating scheme was developed to quantify the severity of
corrosion that occurred at each crack location instead
of at numerous incremental locations and is especially
useful when evaluating crack repair materials. This
method was developed using a rating scale of 0 to 10
shown in Figure 3.17.
A rating was assigned to each transverse bar and
each crack location along the longitudinal bars. Addi-
tionally, the eight (8) protruding ends of the long-
itudinal bars were also rated to quantify the electrical
data error contribution of the exposed steel. Unlike the
Autopsy Increment Rating Method in which ratings are
assigned to both the top half and bottom half of the bar
Figure 3.15 Corrosion on top half of increment No. 1.
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at each interval, only one rating is assigned at each of
the aforementioned locations.
Prior to autopsy of a cracked specimen, the distance
was measured from the front surface of the concrete
specimen to each crack location in each specimen. The
identified crack locations were then sketched onto
diagrams of the top and bottom mats. During exam-
ination, the longitudinal bars were given ratings from
0 to 10 at each crack location. Each of the transverse
bars was also assigned a rating. The protruding ends of
the longitudinal bars were evaluated and assigned a
rating. Lastly, if there was corrosion noted on the longi-
tudinal bars at the interior of the specimen, as a result
of corrosion spreading inward from the protruding
ends of the bars, then that location was also assigned
a rating. An example of the rating assignments for a
cracked specimen is presented in Figure 3.18.
Because the specimens in Groups 20U to 30U do not
have cracks, the ratings on the longitudinal bars were
assigned to 6 in. intervals along the bars. Furthermore,
the transverse bars were not removed from the uncrac-
ked specimens, so an estimation of their corrosion rating
was made by examining the ends of the transverse bars
exposed during autopsy, as shown in Figure 3.19. The
protruding ends of the longitudinal bars were rated to pro-
vide an electrical data error estimate for each specimen.
Figure 3.16 Example calculation of Specimen Autopsy Increment Rating and Error.
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Again, if corrosion was observed on the longitudinal bars
within the specimen that appeared to have spread inward
from the exterior of the specimen, a rating was also assi-
gned at that location. Figure 3.20 provides an example of
ratings assigned to an uncracked specimen.
The overall Specimen Autopsy Crack Location Rat-
ing for each specimen was calculated by summing the rat-
ings of the longitudinal and transverse bars (shown in
Figure 3.18 and Figure 3.20 as blue and green) in both
the top and bottom mats of reinforcement (Equation 3.6).
Figure 3.17 Rating scheme for Autopsy Crack Location Rating Method.
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The error due to corrosion of exposed steel was calculated
by summing the ratings of each of the eight (8) protruding
ends of the longitudinal bars (shown in Figure 3.18 and
Figure 3.20 as light red) and the ratings of any interior cor-
rosion caused by exterior corrosion (shown in Figure 3.18
and Figure 3.20 as dark red) as shown in Equation 3.7.
Figure 3.17 (cont.) Rating scheme for Autopsy Crack Location Rating Method.
Figure 3.18 Example Autopsy Crack Location Rating (cracked specimen).
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n 5 Number of longitudinal bar rating locations
i 5 Longitudinal bar rating location number
j 5 Transverse bar number, from 1 to 6
RBarLong,i 5 Longitudinal bar corrosion rating at
location i











i 5 Bar end number, from 1 to 8
n 5 Number of interior error locations
j 5 Interior error location number from 1 to n
REndError,i 5 Corrosion rating of bar end i
RInteriorError,j 5 Corrosion rating of interior error
location j
3.4 Chloride Penetration
Chloride penetration testing was completed to fur-
ther the investigation of the three deck sealers’ effec-
tiveness in reducing the intrusion of salt water in the
concrete. After the deck sealer specimens were autop-
sied, a rotary drill was used to collect concrete dust
samples at incremental depths from the top surface of
the specimen to a depth of 2.5 in. A James Instruments
Chlorimeter CL-3000 test system was used to measure
the percent chloride content by weight of concrete at
each depth increment. Chloride penetration profiles
were developed for both cracked and uncracked speci-
mens with deck sealers. The chloride penetration pro-
files were also developed for specimens opened during
the preliminary autopsy of 2013.
3.4.1 Collection of Concrete Dust Samples
A rotary drill with a 3/4 in. drill bit was used to
generate concrete dust samples in 0.25 in. depth incre-
ments from the top surface of the specimen to a depth
2.5 in., the depth of the bottom of the longitudinal bars in
the top mat. Therefore, the bottom four 0.25 in. inc-
rements of concrete are at the level of the transverse and
longitudinal bars in the top mat. The chloride content at
the depth of the reinforcement is expected to correlate
with the amount of corrosion activity observed on the
steel.
Figure 3.19 End of transverse bar exposed during uncracked
specimen autopsy.
Figure 3.20 Example Autopsy Crack Location Rating (uncracked specimen).
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Three holes were drilled in each specimen to collect the
dust at each depth increment as shown in Figure 3.21.
It was necessary to drill three holes to collect enough dust
to support a minimum of two chlorimeter tests. Given the
non-homogeneity of concrete, collecting and mixing the
dust from three holes was also needed to generate a
representative test sample. After drilling each incremental
depth in all three holes, a brush was used to collect the
dust into a resealable plastic bag. Between increments, the
top surface of the specimen, the holes, and the collection
brush were cleaned with compressed air, and the drill bit
was wiped with a rag to avoid cross-contamination.
3.4.2 Chlorimeter Test System
The James Instruments Chlorimeter CL-3000 was used
to determine the percent chloride content by weight of
concrete of each concrete dust sample to generate chlo-
ride penetration profiles for each specimen tested. The
test system includes the chlorimeter with the attached
electrode, a bottle of electrode wetting agent, bottles of
extraction liquid, and calibration liquids. Prior to testing,
the chlorimeter was calibrated using five (5) manufac-
turer-provided calibration liquids, each of a different
chloride concentration.
To prepare a sample for testing, the dust collected at
a given depth was mixed thoroughly to blend the dust
collected from the three holes. For each trial, a scale was
used to prepare a 3-gram sample of dust to be dissolved
in 20 milliliters (mL) of mildly acidic extraction liquid.
After shaking the test bottle to fully dissolve the sample,
the tip of the electrode was placed into the liquid to
measure the electrochemical reaction (Figure 3.22). The
chlorimeter displayed the percent chloride by weight of
concrete. Finally, the electrode was cleaned with distil-
led water before testing the next sample. Caution was
exercised to avoid cross-contamination of the samples
during preparation and testing. The chloride penetration
profile for a given specimen could be generated after
recording the chloride content of each depth increment.
3.5 Deck Sealer Penetration Depth
The penetration depth of deck sealers on uncracked
specimens was measured to determine if there is a cor-
relation between performance and penetration depth.
The specimens studied included the sealed uncracked
specimens in Groups 20U to 22U and 24U to 29U. There-
fore, sealer penetration depths were determined for speci-
mens with and without surface preparation. Penetration
depth was also evaluated for specimens with sealed sur-
faces that were subsequently sandblasted to simulate traf-
fic wear. Autopsied specimens were split into segments to
provide a broken cross-section with a width of 3.5 in. for
examination.
For the two silane deck sealers, MasterProtect H 440
HZ and MasterProtect H 400, the samples were first
oven-dried at 194uC for three days. Each cross-section
was then sprayed with water to reveal the area of sealer
penetration. Because the sealers are hydrophobic, the
area with the sealer remained dry and light-colored, while
the area without sealer absorbed the water and turned to
a darker grey (Figure 3.23). The depth of penetration was
then measured using a caliper at a minimum of six
locations along the 3.5 in. width of the cross-section.
The penetration of linseed oil was not visible when
the cross-section was sprayed with water; therefore,
another approach was required to determine its pene-
tration depth. It was found that the use of ultravio-
let light in a dark room brightly illuminated the area
of the cross-section where the sealer had penetrated
(Figure 3.24). A caliper was used to obtain a minimum
Figure 3.21 Drilling specimens to collect chloride test samples.
Figure 3.22 James Instruments Chlorimeter CL-3000 test
system.
Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2016/23 29
of six penetration measurements across the 3.5 in. width
of the examined cross-section.
4. RESULTS AND DISCUSSION
4.1 Introduction
After 1600 test days, the relative performance of the
investigated test variables was evaluated by comparing
the results from a variety of data collection methods.
Section 4.2 provides an introduction to the types of
graphs and charts used to present the collected data.
Sections 4.3 and 4.4 investigate the performance of
sealers on cracked and uncracked specimens by correlat-
ing the electrical measurements and the results of both
autopsy rating methods. This chapter also includes the
results of applying deck sealer to an actively-corroding
control specimen. Finally, an analysis of chloride pene-
tration profiles and deck sealer penetration depths is
presented.
4.2 Analysis Overview and Test Results
Each comparison of variables is supported using a
variety of figures. Each analysis includes a graph of the
electrical activity recorded for each specimen over a
period of 1600 days. Bar charts are used to present the
electrical measurements recorded at 617 days and 1600
days, as well as the results of each autopsy rating method.
4.2.1 Electrical Activity History
Electrical activity recorded over 1600 days for a
series of specimen groups are presented in graphs such
as that shown in Figure 4.1. In this figure, the total cor-
rosion in coulombs is plotted versus time in days. In the
legend, the first specimen of each group shows the group
number, the specimen number, and an abbreviated des-
cription of the group’s test variables. The legend abbre-
viates ‘‘MasterProtect’’ as ‘‘MP.’’ For example, Specimen
No. 11 in Group 3 was treated with both a crack and
Figure 3.23 Use of a caliper to measure deck sealer penetration depth.
Figure 3.24 Linseed oil penetration in an uncracked specimen with surface preparation.
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deck sealer, resulting in the designation, ‘‘G3-#11 Sikadur
55 SLV + MP H440HZ.’’
The three specimens of each group are shown as
three shades of a given color family. The specimens of
the control group are shown as dashed lines. One
specimen in each unsealed control group is labeled at
1375 days to denote the date that deck sealer was
applied to that specific specimen. In the legend, these
sealed control specimens are designated by ‘‘-S’’ after
the specimen number. Furthermore, the data for speci-
mens autopsied in 2013 by Pollastrini are truncated
after 617 days because they were disconnected from the
datalogger at the time of autopsy. Specimens analyzed
during the preliminary autopsy in 2013 are designated
throughout this report by an asterisk (*).
The specimens typically display negative values of
total corrosion. Negative values signify the presence
of macrocell corrosion in which the flow of electrons
between the two mats of reinforcement causes cor-
rosion at an anode in the top mat. However, a select
number of specimens, such as Specimen No. 49 in
Figure 4.1, experienced a reversal in the flow of cur-
rent resulting in positive values of total corrosion,
which indicates that corrosion is occurring in the
bottom mat.
4.2.2 Intermediate Electrical Measurements (617 Days)
The bar chart presented in Figure 4.2 shows the
magnitude of total corrosion measured for all 90
specimens at 617 days, the last day of data acquisition
before the preliminary autopsy by Pollastrini in 2013.
The specimens with typical negative total corrosion
values are shown in blue, while those with positive total
corrosion values are shown in green. The measurement
is shown in red if there was no corrosion observed in
the interior of the specimen during autopsy. In these
cases, electrical activity was recorded because corrosion
occurred on the exposed ends of the longitudinal bars.
The electrical measurements at 617 days are studied
for two reasons. First, it is the last day at which electrical
data could be recorded from all three specimens of each
group. In addition, the data trends for a particular var-
iable at 617 days can be compared to trends at 1600 days
to identify whether the additional test days were nece-
ssary to establish the final data trends.
4.2.3 Final Electrical Measurements (1600 Days)
Because one-third of the specimens were discon-
nected at 617 days for the preliminary autopsy, only the
remaining 60 specimens were monitored until 1600
Figure 4.1 Example graph of electrical activity history.
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days. The magnitudes of the total corrosion measu-
red for each specimen at 1600 days is presented in
Figure 4.3. The colors used in this figure designate the
same conditions as those described in Section 4.2.2 for
Figure 4.2, and this color scheme is used throughout
this chapter.
Figure 4.2 Specimen electrical activity at 617 days.
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Figure 4.2 (cont.) Specimen electrical activity at 617 days.
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Figure 4.3 Specimen electrical activity at 1600 days.
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Figure 4.3 (cont.) Specimen electrical activity at 1600 days.
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Figure 4.4 Specimen Autopsy Increment Ratings for cracked specimens.
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4.2.4 Specimen Autopsy Increment Ratings
The Specimen Autopsy Increment Ratings for cra-
cked and uncracked specimens autopsied after 1600 days
are shown in Figure 4.4 and Figure 4.5, respectively. The
Specimen Autopsy Increment Ratings calculated as outl-
ined in Section 3.3.4.1.2 are shown in blue and represent
corrosion occurring within the specimen as a result of salt
water ingress at cracks and through the concrete surface.
The red bars represent additional corrosion observed that
appeared to occur as a result of corrosion of the exposed
steel. As discussed previously, corrosion of the exposed
steel contributes to the measured electrical current, resul-
ting in an overestimation of the total corrosion values
presented in Figure 4.2 and Figure 4.3. In Sections 4.3
and 4.4, these red error bars allow the electrical mea-
surements to be correlated with autopsy results to deter-
mine the source of corrosion in each specimen.
4.2.5 Specimen Autopsy Crack Location Ratings
The Specimen Autopsy Crack Location Rating
Method serves as a second method of autopsy ratings.
The objective of using a second method is to main-
tain objectivity in the autopsy evaluations because the
ratings are based on visual condition assessments. The
ratings obtained using the Specimen Autopsy Crack
Location Rating Method for all specimens autopsied at
1600 days are presented in Figure 4.6 (cracked speci-
mens) and Figure 4.7 (uncracked specimens). As in the
Specimen Autopsy Increment Rating Method, ratings
resulting from exposed steel corrosion are shown in red.
4.3 Cracked Specimens
The specimens in Groups 1 to 19 examine perfor-
mance of sealers at cracked locations. Groups 1 to 10
were treated with crack sealer, deck sealer, or combina-
tions of crack and deck sealers, while Group 11 served
as the control group. The remaining Groups 12 to 19
were used to study the effects of restressing, surface
preparation, epoxy reinforcement, and surface tining.
The following sections discuss the results of the autopsy
rating methods and the recorded electrical activity.
4.3.1 Crack Sealers
The cracked specimens in Groups 1, 4, and 9 were
treated with the crack sealers Sikadur 55 SLV, Dural
335, and MasterSeal 630, respectively. Figure 4.8 shows
Figure 4.5 Specimen Autopsy Increment Ratings for uncracked specimens.
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the electrical activity over 1600 days for the three crack
sealer groups as well as cracked control Group 11. The
magnitude of total corrosion for each specimen recor-
ded at Day 617, immediately prior to the preliminary
autopsy in 2013, is presented in Figure 4.9. At this
intermediate stage, all the crack sealed specimens had
experienced minimal corrosion as compared with the
control group, with the exception of one MasterSeal
630 specimen, No. 20. The preliminary autopsy reve-
aled corrosion at each crack location in the specimen,
Figure 4.6 Specimen Autopsy Crack Location Rating for cracked specimens.
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resulting in an electrical measurement at 617 days similar
to that of the control specimens. Corrosion observed in
Specimen No. 20 at each crack location is identified with
arrows in Figure 4.11.
One specimen from each group was autopsied in
2013, so the total corrosion values recorded at 1600
days for the two remaining specimens in each group are
shown in Figure 4.10. The electrical activity recorded
for the crack sealer specimens increased from Day 617
to Day 1600, but it remained below 14 percent of the
corrosion level of the control specimens.
The corrosion levels observed during autopsy after
1600 days were tabulated using two rating methods.
The crack sealer comparison results from the two
methods are shown in Figure 4.12 and Figure 4.13. One
of the Sikadur 55 SLV specimens did not exhibit
corrosion, while the remaining five treated specimens
developed some observable corrosion. The locations of
the corrosion in each specimen were carefully documen-
ted to identify if corrosion occurred as a result of crack
sealer failure or because of general chloride penetration
through the surface over 1600 days. Small areas of
corrosion were observed only at crack locations, indicat-
ing that the corrosion was caused by a localized failure of
the crack sealer. Figure 4.14 illustrates the small areas of
corrosion observed only at cracked locations in Specimen
No. 18.
The autopsy ratings corroborate the results of the
electrical activity to conclude that after 1600 days of
exposure, Sikadur 55 SLV, Dural 335, and MasterSeal
630 reduced corrosion levels to less than 20 percent
of the corrosion in the control specimens. However, it
is important to note that one MasterSeal specimen,
No. 20, was revealed to have corrosion at all three crack
locations after only 617 days of exposure.
4.3.2 Deck Sealers
Groups 2, 5, and 7 consist of cracked specimens
treated with only deck sealers to study the deck sealers’
ability to prevent salt water penetration at cracks
without the prior application of a crack sealer. These
three groups were sealed with MasterProtect H 440 HZ,
MasterProtect H 400, and linseed oil. The electrical
activity recorded for these specimens over 1600 days is
compared to control Group 11 in Figure 4.15. Corrosion
occurred in all the specimens from the beginning of the
experiment and the magnitude of corrosion steadily
increased over time. Negative total corrosion values sig-
nify the presence of macrocell corrosion, in which the
Figure 4.7 Specimen Autopsy Crack Location Rating for uncracked specimens.
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flow of electrons between the two mats of reinforcement
causes corrosion at an anode in the top mat. Conversely,
positive values, such as in Specimen No. 3, indicate a
reversal in the flow of current, which instead drives
corrosion in the bottom mat. The magnitude of total
corrosion values at 617 days in Figure 4.16 show that the
deck sealer specimens were already exhibiting corrosion
activity similar to that of the unsealed control specimens.
At 1600 days, corrosion of the specimens with deck
sealers remained comparable to and even exceeded in
Figure 4.8 Crack sealers—electrical activity history.
Figure 4.9 Crack sealers—electrical activity at 617 days.
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some cases that of the unsealed control specimens, as
shown in Figure 4.17.
During autopsy, it was noted that the interiors of
each of the deck sealer specimens were either damp or
held standing water in the large pores of the concrete.
For example, the removal of the longitudinal bars from
Specimen No. 42 in Group 5 revealed the darkened,
damp concrete interface shown in Figure 4.18. This
cracked specimen had been sealed with MasterProtect
H 400 and was found to be damp inside despite the fact
that the last cycle of salt water had been removed from
its surface 45 days prior to the autopsy. It appears that
the deck sealer also prevented moisture loss from the
interior of the specimen.
The sums of the ratings assigned to each specimen
during autopsy using the two rating methods are pre-
sented in Figure 4.19 and Figure 4.20. The observed
amount of deck sealer specimen corrosion was less than
or equal to the corrosion of the two controls. Overall,
the deck sealer performance was rated to be similar
to that of control specimen No. 48. However, unlike in
the electrical measurements, all the deck sealer auto-
psy ratings were under half that of control Specimen
No. 22.
Figure 4.10 Crack sealers—electrical activity at 1600 days.
Figure 4.11 Top and bottom mats of MasterSeal 630 Specimen No. 20.
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The electrical measurements and autopsy results
showed that the use of deck sealers may result in cor-
rosion levels similar to or even exceeding that of an
unsealed deck. The moisture observed in the deck
specimens indicates that the sealers do not prevent
water intrusion at cracks, as corrosion in these speci-
mens was observed to occur specifically at crack loca-
tions. An example of the corrosion observed at crack
locations is shown in Figure 4.21. Furthermore, it is
possible that the deck sealers may actually inhibit the
moisture in the deck from evaporating, thus encoura-
ging even more corrosion than in an unsealed deck.
Overall, it was seen that deck sealers are ineffective at
preventing salt water intrusion and reducing corrosion
in cracked concrete. It should be noted here that the
applied deck sealers were only surface applied. There
was not intentional effort to flood the cracks with these
products.
Figure 4.12 Crack sealers—Specimen Autopsy Increment Rating.
Figure 4.13 Crack sealers—Specimen Autopsy Crack Location Rating.
Figure 4.14 Corrosion of top mat of Specimen No. 18.
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4.3.3 Crack and Deck Sealer Combinations
Various combinations of crack and deck sealers were
applied to the specimens in Groups 3, 6, 8, and 10. The
electrical measurements recorded over time for these
specimens and the control specimens of Group 11
are shown in Figure 4.22, while the measurements taken
at 617 days and 1600 days are shown in Figure 4.23
and Figure 4.24. The sealer combinations produced
varying results, which were further examined by com-
paring the results of visible corrosion ratings during
the 2016 autopsy, as presented in Figure 4.25 and
Figure 4.15 Deck sealers—electrical activity history.
Figure 4.16 Deck sealers—electrical activity at 617 days.
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Figure 4.26. The subsequent sections examine the
correlations and disparities between the recorded ele-
ctrical activity and autopsy ratings for each crack and
deck sealer combination.
4.3.3.1 Sikadur 55 SLV and MasterProtect H 440 HZ
(Group 3). Sikadur 55 SLV and MasterProtect H 440
HZ proved to be an effective sealer combination. As
seen in Figure 4.23, there was no electrical activity
Figure 4.17 Deck sealers—electrical activity at 1600 days.
Figure 4.18 Specimen No. 42—damp interior of deck sealer specimen.
Figure 4.19 Deck sealers—Autopsy Increment Rating.
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recorded for Group 3 at 617 days. The autopsy at 1600
days revealed no observable corrosion within the speci-
mens, as seen in Figure 4.25 and Figure 4.26. The
corrosion observed occurred only on the portions of the
longitudinal bars protruding from the concrete, not at
crack locations. As a result, any electrical activity mea-
sured at 1600 days in Figure 4.24 is shown in red as
erroneous data because the electrical current flow can
be attributed to corrosion occurring only in areas out-
side the specimen.
4.3.3.2 Dural 335 and MasterProtect H 400 (Group 6).
The three specimens in Group 6 sealed with Dural 335
and MasterProtect H 400 exhibited low to moderate
electrical activity at 617 days, as shown in Figure 4.23.
Specimen No. 14 exhibited the most electrical activity,
which matched the corrosion observed during the pre-
liminary autopsy of 2013. The autopsy revealed corro-
sion activity primarily at the first crack, at the location
of the front transverse bar in the top mat, as shown in
Figure 4.27 and Figure 4.28.
The other two specimens treated with Dural 335 and
MasterProtect H 400 remained in service until their
autopsy in 2016. Their electrical activity history shown
in shades of orange in Figure 4.22 suggests some light
corrosion may have occurred in Specimen No. 16, while
the high positive value of total corrosion in Specimen
No. 49 suggests corrosion occurred on its bottom bars.
The autopsy of Specimen No. 49 revealed corrosion
that had initiated on the exposed end of the bottom left
longitudinal bar and extended as far as 3 in. into the
concrete (Figure 4.29). Specimen No. 16 did not exhibit
corrosion within the specimen, but the exposed steel
had experienced some corrosion. Given the results of
these two autopsies, the total corrosion at 1600 days for
Group 6 is shown in red in Figure 4.24 to indicate that
the recorded electrical measurements were not caused
by deficiencies of the sealer.
Although the electrical measurements for this group
indicated poor performance, the autopsy results were
used to determine that the use of Dural 335 and Master-
Protect H 400 can be an effective sealer combination. The
Figure 4.20 Deck sealers—Autopsy Crack Location Rating.
Figure 4.21 Corrosion at crack locations in deck sealer Specimen No. 47.
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only corrosion observed was located at one crack in
Specimen No. 14 during the 2013 preliminary autopsy.
Overall, this combination was successful in reducing
corrosion and performed nearly as well as the combina-
tion of Sikadur 55 SLV and MasterProtect H 440 HZ.
4.3.3.3 Sikadur 55 SLV and Linseed Oil (Group 8).
The combination of Sikadur 55 SLV and linseed oil was
also seen to be effective in reducing corrosion. At 617
days, only Specimen No. 6 in Group 8 exhibited ele-
ctrical activity (Figure 4.23). During the preliminary
Figure 4.22 Sealer combinations—electrical activity history.
Figure 4.23 Sealer combinations—electrical activity at 617 days.
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autopsy of 2013, Specimen No. 6 was found to have
some small areas of corrosion, primarily on the front
transverse bar of the top mat, as shown in Figure 4.30.
As shown in Figure 4.25 and Figure 4.26, the two
specimens from Group 8 autopsied after 1600 days did
not show any interior corrosion. Only minimal corrosion
(recorded in red) was observed at the protruding ends of
the longitudinal bars. In addition, there was no electrical
activity recorded for Group 8 at 1600 days (Figure 4.24).
The electrical activity and autopsy results supported
Sikadur 55 SLV and linseed oil as an effective sealer
combination. Only some light corrosion was identified
on Specimen No. 6 prior to autopsy in 2013. The
combination Sikadur 55 SLV and linseed oil exhibited
Figure 4.24 Sealer combinations—electrical activity at 1600 days.
Figure 4.25 Sealer combinations—Autopsy Increment Rating.
Figure 4.26 Sealer combinations—Autopsy Crack Location Rating.
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performance similar to that of the combination of
Sikadur 55 SLV and MasterProtect H 440 HZ.
4.3.3.4 MasterSeal 630 and MasterProtect H 440 HZ
(Group 10). The combination of MasterSeal 630 and
MasterProtect H 440 HZ produced corrosion in two of
the three specimens, as noted in the electrical measure-
ments taken at 617 days (Figure 4.23). Specimen No. 53
was autopsied in 2013 to reveal some light corrosion at
the first crack in the top mat and severe corrosion at the
third crack in both the top and bottom mats, as shown in
Figure 4.31. This severe corrosion corresponds to the ele-
ctrical reading at 617 days with similar magnitude to that
of the control specimens.
The remaining specimens, No. 27 and No. 50, recor-
ded contrasting electrical measurements at 1600 days.
Figure 4.27 Specimen No. 14—top mat corrosion.
Figure 4.28 Specimen No. 14—close-up of front top transverse bar.
Figure 4.29 Specimen No. 49—corrosion on bottom left longitudinal bar.
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No. 27 recorded negligible electrical activity, while No.
50 showed electrical activity greater than that of all the
control specimens. During autopsy after 1600 days,
Specimen No. 27 showed no interior corrosion. Con-
versely, Specimen No. 50 provided clear indication of
corrosion prior to autopsy. Corrosion product could be
seen seeping to the surface of the specimen at the loca-
tion of the second of four cracks, located halfway
between the first and second transverse bars, as shown
in Figure 4.32. Upon autopsy, severe corrosion was
seen at the second crack, as well as moderate corrosion
at the first and third cracks (Figure 4.33). No corrosion
was observed at the fourth crack. The corrosion of the
reinforcement in the top and bottom mats of Specimen
No. 50 is shown in Figure 4.34.
The second crack appears to have been the corrosion
initiation point for Specimen No. 50, which renders
skepticism of the effectiveness of the MasterSeal 630
product. It is possible that the second crack was not
entirely filled with the crack sealer. Additionally, altho-
ugh the cracks were sealed with silicone at the sides and
bottom of the specimen to prevent the product from
draining, it is possible that this sealer, being a metha-
crylate of even lower viscosity than the two epoxy crack
sealers, may have leaked out of the specimen during
application. As discussed previously, MasterSeal 630
had a similar localized failure in the crack sealer compa-
rison (Section 4.3.1) when it effectively sealed two of
the three specimens and only sealed one of the three
cracks in the third specimen, No. 20 (Figure 4.11). Both
the crack sealer comparison and the sealer combina-
tion comparison suggest that that the methacrylate
crack sealer, MasterSeal 630, may be more sensitive to
installation than the epoxy sealers Sikadur 55 SLV and
Dural 335 especially for these crack widths. Overall, the
sealer combination of MasterSeal 630 and Master-
Protect H 440 HZ had mixed success in reducing cor-
rosion.
4.3.4 Restressing
In general, all the cracked specimens were restressed
to 2/3 of yield stress after sealer application to simu-
late stresses induced in a typical bridge deck due to con-
crete shrinkage, thermal movement, and traffic loading.
Groups 12 and 13 were not restressed in order to examine
the difference in sealer performance due to restressing.
Group 12 consisted of specimens treated with only the
crack sealer Sikadur 55 SLV, while the combination of
Sikadur 55 SLV and MasterProtect H 440 HZ was
applied to Group 13.
4.3.4.1 Sikadur 55 SLV. The electrical activity over
time for Group 12 is compared with the restressed
Sikadur 55 SLV specimens of Group 1 and the control
Group 11 in Figure 4.35. The electrical activity at 617
days (Figure 4.36) indicates the presence of corrosion in
unstressed Specimen No. 28; however, the preliminary
autopsy in 2013 revealed that the corrosion appeared to
have initiated at the exposed steel rather than at a crack
location (Figure 4.38). Therefore, the corrosion recor-
ded for Specimen No. 28 is shown in red in Figure 4.36.
The other two specimens in Group 12 (No. 1 and No. 26)
exhibited negligible corrosion, as seen in the electrical
measurements at 1600 days (Figure 4.37). Similarly, the
2016 autopsy ratings presented in Figure 4.39 and Figure
4.40 show slightly more corrosion in the restressed speci-
mens than in the unstressed specimens. It is seen that
Figure 4.30 Specimen No. 6—close-up of front top transverse bar.
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Sikadur 55 SLV is capable of withstanding tensile stres-
sing (up to 40 ksi) while maintaining its ability to effec-
tively reduce corrosion at crack locations.
4.3.4.2 Sikadur 55 SLV and MasterProtect H 440 HZ.
The electrical activity history for the unstressed sealer
combination in Group 13 is compared to restressed
Figure 4.31 Corrosion in top and bottom mats of Specimen No. 53.
Figure 4.32 Specimen No. 50—surface corrosion staining.
50 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2016/23
Figure 4.33 Specimen No. 50—corrosion at second crack.
Figure 4.34 Corrosion in top and bottom mats of Specimen No. 50.
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Group 3 and control Group 11 in Figure 4.41. The
autopsy results shown in Figure 4.43 and Figure 4.44
indicate that no corrosion occurred in Groups 3 or 13.
As such, the negligible amount of electrical activity
measured at 1600 days for these groups is shown in red
in Figure 4.42. The sealer combination of Sikadur 55
SLV and MasterProtect H 440 HZ is shown to be
effective regardless of whether it was restressed.
4.3.5 Crack Sealer Surface Preparation
The manufacturers for crack sealers Dural 335 and
MasterSeal 630 recommend surface preparation prior
to crack sealing that includes light sandblasting of the
entire deck surface followed by cleaning with com-
pressed air, in an effort to give the crack sealer product
better access to the cracks. The surfaces of the speci-
mens in Groups 14 and 15 were lightly sandblasted
Figure 4.35 Crack sealer restressing—electrical activity history.
Figure 4.36 Crack sealer restressing—electrical activity at 617 days.
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prior to the application of the crack sealers to inve-
stigate the effects of surface preparation on the effec-
tiveness of crack sealers.
4.3.5.1 Dural 335. After lightly sandblasting the
surface of each specimen in Group 14, Dural 335 was
applied to the cracks. Group 4 was treated with Dural
335 without prior surface preparation. The electrical
activity history of Groups 4 and 14 are presented
with control Group 11 (no surface preparation) in
Figure 4.45.
The electrical measurements at 1600 days shown in
Figure 4.46 indicate that one specimen with surface pre-
paration displayed poorer performance than Group 4,
while the other displayed better performance. The
autopsy results shown in Figure 4.47 and Figure 4.48
reflect the same conflicting outcome. These inconclusive
results, paired with labor and equipment costs asso-
ciated with sandblasting, suggest that surface prepara-
tion is not critical to the use of Dural 335. It should be
noted that the specimens were cracked and that surface
preparation likely had no influence at the crack locations.
Figure 4.37 Crack sealer restressing—electrical activity at 1600 days.
Figure 4.38 Corrosion in top mat of Specimen No. 28.
Figure 4.39 Crack sealer restressing—Autopsy Increment Rating.
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Figure 4.40 Crack sealer restressing—Autopsy Crack Location Rating.
Figure 4.41 Sealer combination restressing—electrical activity history.
54 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2016/23
Figure 4.42 Sealer combination restressing—electrical activity at 1600 days.
Figure 4.43 Sealer combination restressing—Autopsy Increment Rating.
Figure 4.44 Sealer combination restressing—Autopsy Crack Location Rating.
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Figure 4.45 Dural 335 surface preparation—electrical activity history.
Figure 4.46 Dural 335 surface preparation—electrical activity at 1600 days.
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4.3.5.2 MasterSeal 630. The effects of surface
preparation were also studied for the methacrylate
crack sealer MasterSeal 630 using specimen Group 15.
The specimens were compared to specimens in Group
9, which were not sandblasted but were also treated
with MasterSeal 630. The electrical activity of Groups
9, 15, and control Group 11 over time are shown in
Figure 4.49. The intermediate electrical measurements
taken at 617 days are presented in Figure 4.50. These
measurements show corrosion in one of the three speci-
mens without surface preparation due to failure at
crack locations, as discussed in Section 4.3.1, and negli-
gible corrosion in all three of the specimens with surface
preparation.
As shown in Figure 4.51, the electrical activity at
1600 days shows no corrosion in Group 15 (surface
preparation) and minimal corrosion in one of the two
specimens in Group 9 (no surface preparation). Similar
results were obtained during autopsies (Figure 4.52 and
Figure 4.53). There is no clear benefit from the use of
surface preparation prior to crack sealing; therefore, the
additional costs of labor and equipment required for
sandblasting the deck do not seem to indicate their use
for crack sealers.
4.3.6 Epoxy Reinforcement Comparison
Groups 16 and 17 were constructed using epoxy rein-
forcement instead of black reinforcement. Group 16
was not sealed, while Group 17 was sealed with a
combination of Sikadur 55 SLV and MasterProtect H
440 HZ. Figure 4.54 shows the electrical activity
recorded over time for Groups 16 and 17. The epoxy
coating was damaged using a grinder every 3 in. prior to
casting the concrete to represent coating damage that
occurs in the field during construction of a bridge deck.
The defects in the coating allow chlorides to access the
steel to begin the corrosion process. As a result, some
corrosion of the epoxy control specimens is expected.
Accordingly, some light corrosion occurred in the epoxy
control specimens, as shown by the broken green lines in
Figure 4.54.
The use of sealers prevented any electrical activity from
occurring, even at 1600 days, as shown in Figure 4.55.
Similarly, the autopsy results in Figure 4.56 and Figure
4.57 show no interior corrosion on the sealed specimens in
Group 17 and mild to moderate corrosion on the epoxy
control specimens in Group 16. The use of the sealer
combination Sikadur 55 SLV and MasterProtect H 440
HZ in conjunction with epoxy reinforcement results in a
deck system that is able to withstand corrosion despite the
occurrence of defects in the epoxy coating.
The specimens in Group 17 were investigated further
by using a utility knife to evaluate the extent of cor-
rosion extending beneath the coating beyond the loca-
tions of visible corrosion. For example, epoxy control
specimen No. 33 was autopsied on March 23, 2016.
Figure 4.48 Dural 335 surface preparation—Autopsy Crack Location Rating.
Figure 4.47 Dural 335 surface preparation—Autopsy Increment Rating.
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Figure 4.58 shows the corrosion visible on the top
mat directly after autopsy, with a designated close-up
shown in Figure 4.61. After all specimen autopsies were
completed, photos were taken again on June 8, 2016,
immediately prior to removal of epoxy, to show any
additional corrosion that may have occurred while the
bars were in storage (Figure 4.59 and Figure 4.62). The
removal of epoxy on June 8, 2016 revealed sections of
corrosion underneath the adjacent epoxy coating that
were over four times the size of what could be seen
previously. The top mat after epoxy removal is shown
in Figure 4.60, with a close-up photo in Figure 4.63.
This investigation showed that the epoxy coating damage
that develops in the field can make the reinforcement
vulnerable to corrosion in regions much larger than the
size of the defect itself.
Figure 4.49 MasterSeal 630 surface preparation—electrical activity history.
Figure 4.50 MasterSeal 630 surface preparation—electrical activity at 617 days.
58 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2016/23
4.3.7 Surface Tining Comparison
Groups 18 and 19 were used to examine the effects of
surface tining. Group 18 consisted of unsealed control
specimens with surface tining, and Group 19 deployed
the sealer combination of Sikadur 55 SLV and Master-
Protect H 440 HZ on a tined surface. Figure 4.64 displays
the electrical activity history for sealed and unsealed
groups, both with and without surface tining. The per-
formance of the unsealed Specimen No. 54 with surface
tining relative to the untined control (Group 11) demon-
strates that a tined surface can cause a deck surface to be
Figure 4.51 MasterSeal 630 surface preparation—electrical activity at 1600 days.
Figure 4.52 MasterSeal 630 surface preparation—Autopsy Increment Rating.
Figure 4.53 MasterSeal 630 surface preparation—Autopsy Crack Location Rating.
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Figure 4.54 Epoxy reinforcement—electrical activity history.
Figure 4.55 Epoxy reinforcement—electrical activity at 1600 days.
Figure 4.56 Epoxy reinforcement—Autopsy Increment Rating.
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more vulnerable to chloride intrusion. In spite of this,
the tined specimens with the sealer combination did
not display electrical activity at 1600 days, as shown
in Figure 4.65. Similarly, the autopsy results shown in
Figure 4.66 and Figure 4.67 indicate that none of the
specimens with the sealer combination exhibited interior
corrosion. The combination of Sikadur 55 SLV and
MasterProtect H 440 HZ was capable of preventing
corrosion in decks regardless of the presence of sur-
face tining.
Figure 4.57 Epoxy reinforcement—Autopsy Crack Location Rating.
Figure 4.58 Specimen No. 33—top mat at autopsy on March 23, 2016.
Figure 4.59 Specimen No. 33—top mat before epoxy removal on June 8, 2016.
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Figure 4.60 Specimen No. 33—top mat after epoxy removal on June 8, 2016.
Figure 4.61 Specimen No. 33—close-up at autopsy on
March 23, 2016.
Figure 4.62 Specimen No. 33—close-up before epoxy
removal on June 8, 2016.
Figure 4.63 Specimen No. 33—close-up after epoxy removal
on June 8, 2016.
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Figure 4.64 Surface tining—electrical activity history.
Figure 4.65 Surface tining—electrical activity at 1600 days.
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4.4 Uncracked Specimens
Groups 20U to 30U consist of uncracked specimens
used to investigate the effectiveness of deck sealers in pre-
venting corrosion by reducing salt water ingress through
the pore structure of the concrete over time. Group 23U
consists of unsealed control specimens, and Group 30U
is comprised of unsealed, sandblasted control specimens.
A sandblasting depth of 1/16 in. was used for the surface
preparation prior to sealer application in Groups 24U to
26U. Similarly, Groups 27U to 29U were sandblasted to a
depth of 1/16 in. following sealer application to simulate
surface abrasion due to traffic wear.
4.4.1 Deck Sealers (Uncracked)
Groups 20U, 21U, and 22U were treated with the
deck sealers MasterProtect H 440 HZ, MasterProtect
H 400, and linseed oil, respectively. Their electrical
activity history is compared to control Group 23U in
Figure 4.68. As seen in Figure 4.69, the deck sealer
specimens showed none to negligible amounts of cor-
rosion at 1600 days.
The autopsy ratings shown in Figure 4.70 and Figure
4.71 indicate that any corrosion that occurred in the
deck sealer specimens was located only on the ends of
the longitudinal bars protruding from the concrete. As
a result, electrical activity for these specimens is shown
in red in Figure 4.69. Overall, all three deck sealers were
effective in preventing the initiation of corrosion up to
1600 days.
4.4.2 Deck Sealer Surface Preparation
Groups 24U, 25U, and 26U investigated the effective-
ness of sandblasting the deck to prepare the surface for
sealer application. The electrical activity of these groups
and the sandblasted control Group 30U is presented in
Figure 4.72. The electrical measurements at 1600 days
shown in Figure 4.73 indicate corrosion may have occur-
red in Specimen No. 73. However, the autopsy ratings in
Figure 4.74 and Figure 4.75 reveal that there was no
interior corrosion in any of the sealed specimens. Thus,
the electrical activity displayed by Specimen No. 73 in
Figure 4.73 is shown in red. Again, all three deck sealing
products proved effective up to 1600 days.
4.4.3 Deck Sealer Traffic Wear
After the deck sealers were applied to the specimens
in Groups 27U, 28U, and 29U, the specimen surfaces
Figure 4.66 Surface tining—Autopsy Increment Rating.
Figure 4.67 Surface tining—Autopsy Crack Location Rating.
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were sandblasted to simulate abrasion due to traffic wear.
Figure 4.76 compares the electrical activity of sealed
Groups 27U, 28U, and 29U with the sandblasted control
Group 30. Electrical measurements taken at 1600 days,
shown in Figure 4.77, indicate mild to moderate cor-
rosion in Groups 27U and 28U, while no corrosion is
measured in the linseed oil Group 29U. Similar results
are reflected by the autopsy ratings in Figure 4.78 and
Figure 4.79. From these electrical measurements and
autopsy ratings, it appears that linseed oil has the best
penetration and is the most resistant to traffic wear.
The effects of traffic wear are investigated further
through studies of sealer penetration depth and chloride
penetration.
Figure 4.68 Deck sealers (uncracked)—electrical activity history.
Figure 4.69 Deck sealers (uncracked)—electrical activity at 1600 days.
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Figure 4.70 Deck sealers (uncracked) by Autopsy Increment Rating.
Figure 4.71 Deck sealers (uncracked) by Autopsy Crack Location Rating.
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Figure 4.72 Deck sealer surface preparation—electrical activity history.
Figure 4.73 Deck sealer surface preparation—electrical activity at 1600 days.
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Figure 4.74 Deck sealer surface preparation—Autopsy Increment Rating.
Figure 4.75 Deck sealer surface preparation—Autopsy Crack Location Rating.
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Figure 4.76 Deck sealer traffic wear—electrical activity history.
Figure 4.77 Deck sealer traffic wear—electrical activity at 1600 days.
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4.5 Deck Sealing of Actively-Corroding Control
Specimens
Three previously unsealed control specimens were
sealed with deck sealer at 1375 days to investigate
the effectiveness of deck sealers in slowing the rate of
corrosion in actively-corroding specimens. The three
specimens were sealed with MasterProtect H 400, a
water-based, 40% silane penetrating deck sealer. The
specimens included a cracked control (Group 11, No.
22), an uncracked control (Group 23U, No. 91), and a
sandblasted uncracked control (Group 30U, No. 69). To
extend the length of the investigation, the three specimens
remained connected to the datalogger and exposed to the
salt water regimen until their autopsy at 1744 days.
Measured total corrosion of the three specimens over
1744 days is shown in Figure 4.80, with the date of
sealing denoted with a vertical broken grey line at 1375
days. Overall, the deck sealer did not appear to slow the
rate of corrosion activity of the specimens. However, it is
important to note that the performance of the deck sealer
may have been compromised by the existence of cracks in
the top surfaces of the specimens, both those in the crac-
ked specimen as well as those formed in the surface of the
uncracked specimens due to expansion of the corrod-
ing reinforcement. As shown previously in Section 4.3.2,
deck sealers are not effective at reducing salt water int-
rusion at cracked locations. However, given the effective-
ness of using a combination of a crack and deck sealer
to reduce or eliminate chloride ingress (Section 4.3.3),
it is reasonable to conclude that application of a sealer
combination has the potential of slowing deterioration of
a deck with preexisting corrosion.
4.6 Chloride Penetration
Chloride penetration profiles of deck sealer speci-
mens were developed to investigate the deck sealers’
effectiveness in reducing salt water ingress through the
pore structure of the concrete surface. Over time, if
enough chlorides are able to permeate the concrete to
the depth of the reinforcing steel, then the chlorides along
with moisture and oxygen will initiate corrosion of the
steel. Corrosion of conventional black steel reinforcement
is known to occur once a critical level of chloride content
is obtained.
Penetration profiles were developed by testing sam-
ples of concrete dust drilled from the specimens in
increments of 0.25 in. from the top surface to the depth
of the longitudinal reinforcement. The specimens auto-
psied in 2013 were drilled in eight (8) 0.25 in. increments
Figure 4.78 Deck sealer traffic wear—Autopsy Increment Rating.
Figure 4.79 Deck sealer traffic wear—Autopsy Crack Location Rating.
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to a total depth of 2 in., the depth of the top of the longi-
tudinal bars. To evaluate the concrete at levels adjacent
to the bars, the drilling of the specimens autopsied in
2016 was increased to ten (10) 0.25 in. increments to a
total depth of 2.5 in., the depth of the bottom of the
longitudinal bars.
Each depth increment was tested using a James
Instruments Chlorimeter Test System to determine the
chloride content by weight of concrete. Although three
holes were drilled to collect dust for each testing incre-
ment in an attempt to develop representative test sam-
ples, the non-homogeneity of concrete leads to scatter in
the results. Consequently, the chloride profiles were used
to identify trends regarding the general effectiveness of
using sealers, rather than to develop a definitive compa-
rison of the various products.
Chloride penetration profiles were used to compare
the chloride levels of the uncracked control specimens
and uncracked specimens with deck sealers (Master-
Protect H 440 HZ, MasterProtect H 400, and linseed
oil). Two specimens from each uncracked group were
tested to compare chloride penetration profiles among
specimens with smooth surfaces (G20U-G22U), surface
preparation (G24U-G26U), and traffic wear (G27U-
G29U). The first specimen tested from each group was
the specimen that had been autopsied in 2013 and had
been exposed to the salt water regimen for only 617 days.
The second specimen tested from each group was one of
the two specimens autopsied in 2016 after 1600 days of
exposure. Furthermore, six cracked specimens from the
2013 autopsy were tested to compare the chloride intru-
sion of cracked specimens with that of uncracked speci-
mens. Finally, the measured chloride content at the depth
of the longitudinal bars in each specimen was compared
to the autopsy results to correlate chloride content with
the occurrence of corrosion.
To determine the base level of chlorides in the con-
crete, one uncracked sealed specimen that did not exhibit
corrosion was drilled in 0.25 in. increments from the
bottom surface to a level of 2 in. above the bottom surf-
ace. The chloride content at this depth, 6 to 8 in. below
the top surface, is used as an estimate of the chloride
content in the concrete prior to exposure testing. The
measured values of base chloride content ranged from
1.26% to 1.45% chloride by weight of concrete.
4.6.1 Uncracked Specimens with Deck Sealers (G20U to
G23U)
Figure 4.81 presents the chloride penetration profiles
for two specimens from each group with applied deck
sealers (G20U-G22U) and the uncracked control group
(G23U). The figure shows penetration depth on the
vertical axis, where a depth of zero penetration at the top
of the figure corresponds to the top surface of the con-
crete. The depths corresponding to the top and bottom
Figure 4.80 Sealer application to corroding control specimens—electrical activity history.
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surfaces of the longitudinal bars in the specimens are
represented by an outline of a deformed bar shown with
heavy black lines. The top of the bar is at a depth of 2 in.
while the bottom of the bar is at a depth of 2.5 in. The
horizontal axis measures the percent chloride content by
weight of concrete, with chloride content increasing from
left to right. The measured value of chloride content for
each depth increment is shown at the mid-depth of the
increment. For example, the chloride content of the dust
collected in a range from 1 in. to a depth of 1.25 in. is
shown at a depth of 1.125 in. Although the chloride
profile is shown from the top surface to the depth of the
reinforcement, it is important to note that the potential
for corrosion to occur corresponds only to the percent
chloride content at depths adjacent to or immediately
above the longitudinal bars.
In Figure 4.81, the specimens in sealed Groups 20U,
21U, and 22U are shown in red, green, and blue,
respectively, while the control specimens of Group 23U
are shown in black. The specimens with 617 days of
exposure from the 2013 autopsy are shown with dotted
lines and those with 1600 days of exposure from the
2016 autopsy are displayed with solid lines. As men-
tioned previously, the 2013 specimens were only tes-
ted to a depth of 2 in., while the 2016 specimens were
drilled to depth of 2.5 in. As expected, the chloride con-
tent generally decreases with increasing depth for each
specimen. The concrete at the depth of the reinforce-
ment for the six deck sealer specimens was measured to
contain 0.1% chloride by weight of concrete or less,
which corresponds to the base level of chloride in the
concrete prior to salt water exposure, as discussed in
Section 4.6. Therefore, the sealers effectively maintai-
ned the chloride content at the level of the reinforce-
ment, which correlates well with the lack of observed
corrosion in these sealed specimens. It can also be seen
that the performance of the sealers did not deteriorate
with extended exposure time, as the profiles at 1600
days are essentially the same as 617 days.
4.6.2 Uncracked Specimens with Surface Preparation
(G24U to G26U)
Chloride penetration profiles for specimens with
surface preparation in Groups 24U to 26U from the 2013
and 2016 autopsies are presented in Figure 4.82. The
control specimens from 2013 and 2016 both exhibited
corrosion at the time of autopsy, which correlates with
the high chloride concentrations at the depth of the
reinforcement. It can be seen that the extended exposure
time on the control specimen increased the amount of
chloride in the concrete, which corresponded to the
increased amount of corrosion in the 2016 specimen. The
chloride contents were higher for the control specimens
when the surface was prepared (see Figure 4.81 for com-
parison). In general, however, similar chloride contents
were observed for the sealed specimens, regardless of
whether the surface was prepared by sandblasting prior
to sealing. As shown in Figure 4.82, the chloride profiles
did not change from 617 to 1600 days for the sealed
specimens with surface preparation, with the only excep-
tion being the linseed oil specimen. Low values were
measured for both the 2013 and 2016 specimens, which
again corresponded to that of the base level chloride
content, thus indicating that the sealer performance did
not deteriorate over time.
Figure 4.81 Chloride penetration profiles after 617 and 1600 days of exposure for uncracked deck sealer groups.
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4.6.3 Uncracked Specimens with Traffic Wear (G27U to
G29U)
The chloride penetration profiles for specimens auto-
psied in 2013 and 2016 for sealer traffic wear Groups
27U, 28U, and 29U are compared with those of the sand-
blasted control Group 30U in Figure 4.83. Although the
sealer specimens were subjected to 1/16 in. of sandblast-
ing to simulate traffic wear after sealer application, the
percent chloride in the specimens autopsied in 2013
Figure 4.82 Chloride penetration profiles after 617 and 1600 days of exposure for uncracked deck sealer surface preparation
Figure 4.83 Chloride penetration profiles after 617 and 1600 days of exposure for groups (27U, 28U, 29U, and 30U).
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remained at the base level of chloride content at the level
of the steel. As a result, no corrosion occurred in the sea-
ler specimens with only 617 days of exposure. It should
be noted that the chloride levels overall were higher than
those previously observed (refer to Figure 4.81 and
Figure 4.82). The four specimens with 1600 days of
exposure, however, experienced a significant increase in
chloride content, again different than previously obser-
ved. During the 2016 autopsy, corrosion was observed in
the MasterProtect H 440 HZ (red), MasterProtect H 400
(green), and control (black) specimens. All three of these
specimens were found to have chloride contents at the
depth of reinforcement that largely exceeded the base
level of chloride content. The linseed oil specimen (blue)
did not exhibit corrosion, despite having a chloride
content of as high as 0.25% at the top of the rein-
forcement. However, this anomaly may be explained by
the possibility of having collected a non-representative
test sample due to the non-homogeneity of the concrete.
Overall, loss of the sealer due to surface removal such as
traffic abrasion was found to be detrimental to the
performance of the sealer.
4.6.4 Cracked versus Uncracked Specimens
Chloride penetration profiles were developed for
both cracked and uncracked specimens with applied
deck sealers (Figure 4.84). The specimens tested for this
comparison were all specimens that had been autopsied
in 2013 after experiencing 617 days of exposure. The
uncracked specimens tested included the control, shown
by a solid black line, and those with applied deck
sealers, shown by solid red, green, and blue lines. The
cracked specimens with identical product applications
are shown by broken lines with corresponding colors.
Chloride penetration profiles for the cracked control
with epoxy bar (dark grey) and the cracked control with
surface tining (light grey) were also developed as shown
in Figure 4.84.
Overall, it is seen that the control specimens, both
cracked and uncracked, contained the highest chloride
contents at the depth of the reinforcement. As expected,
it can also be seen that the broken lines of the sealed
cracked specimens showed greater concentrations of
chlorides than the sealed uncracked specimens. Clearly,
chloride penetration at the cracks migrated inward to
the specimen, considering that chloride samples were
taken between crack locations.
4.6.5 Correlation of Chloride Penetration Testing and
Observed Corrosion
The chloride content at the depth of the longitudinal
reinforcing bar for each tested specimen is presented in
Figure 4.85. The chloride content shown for each specimen
is at a depth increment of 1.75 in. to 2 in. To the right of
the bars representing the chloride content at the depth of
the reinforcement, each specimen that exhibited interior
corrosion at autopsy is denoted with ‘‘C,’’ while specimens
with no corrosion are marked with ‘‘NC.’’ An approxima-
tion of the average base level of chloride content in the
concrete is shown by a broken red line. This value, based
on the various specimens, is considered as approximately
0.1% chloride by weight of concrete.
Figure 4.84 Chloride penetration profiles of cracked and uncracked specimens after 617 days of exposure.
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Figure 4.85 Correlation of chloride penetration and observed corrosion.
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In general, the uncracked specimens from 2013 and
2016 were shown to exhibit corrosion only if their chlo-
ride content at the reinforcement significantly exceed-
ed the base level chloride content. The only exception
was the absence of corrosion in Specimen No. 87 from
Group G29U. Despite having a chloride content greatly
exceeding the base level chloride content, corrosion was
not observed. However, as discussed in Section 4.6.3,
this anomaly may be attributed to variability in the
chloride threshold as well as expected variability of the
chloride test results due to the non-homogeneity of
the concrete.
Several of the cracked specimens exhibited corrosion
despite having lower chloride content levels; however,
this is expected, due to the positioning of the dust
collection holes in cracked specimens. Because the dust
collection holes in cracked specimens were located
halfway between the cracked locations to avoid drilling
at an edge, the samples tested do not contain as high a
chloride content as what would be present immediately
adjacent to a crack. At cracks, chlorides in the salt
water were able to penetrate directly to the depth of the
reinforcement to initiate corrosion. Therefore, even though
some of the chloride test samples contained chloride con-
centrations similar to the base level of chloride content, the
autopsies revealed corrosion at the crack locations where
there was a higher concentration of chlorides.
4.7 Deck Sealer Penetration Depth
Deck sealer penetration depth was measured for
at least one specimen in each uncracked group. For
this investigation, the salt water exposure time of the
specimens was irrelevant because all specimens of each
group were sealed at the same time during specimen
preparation in 2011. Furthermore, the same sealer
application method was used for all three specimens in
each group in an attempt to have consistent coverage.
The penetration depths of the two silane products,
MasterProtect H 440 HZ and MasterProtect H 400,
were easily identified by spraying the concrete cross-
section with water, and using a caliper to measure the
depth of concrete that remained dry in the area of the
absorbed sealer. It was necessary to use another method
to measure the penetration of linseed oil; therefore,
ultraviolet light was used to illuminate areas with
linseed oil penetration. A minimum of six depth measu-
rements were taken across the 3.5 in. width of each
specimen sample. The measurements were then aver-
aged for each specimen, and an average depth of sealer
penetration was calculated for each specimen group.
Figure 4.86 shows the average sealer penetration depths
for each tested specimen and each group. Specimens
were tested from each of the three application condi-
tions, including the deck sealer specimens (G20U-
G22U), surface preparation specimens (G24U-G26U),
and traffic wear specimens (G27U-G29U).
The relative penetration of the three products was
consistent for each of the three application conditions.
MasterProtect H 440 HZ specimens (G20U, G24U, and
G27U) were shown to have the best penetration in each
condition. MasterProtect H 400 and linseed oil dis-
played essentially the same penetration depths in each
condition, although linseed oil penetration was slightly
less than that of MasterProtect H 400.
When comparing the performance of deck sealers in
each condition, as shown in Figure 4.87, it was found
that the 1/16 in. of sandblasting for surface preparation
(G24U-G26U) resulted in sealer penetration depths
for all three sealers that nearly doubled those of the
smooth-surfaced specimens (G20U-G22U).
The sealer penetration depths that remained after
1/16 in. of sandblasting to simulate traffic wear displayed
inconsistent results among the specimens tested in each
group, as shown in Figure 4.86. For example, when
examining two samples from different locations of the
same specimen, one would show minimal to no evidence
of remaining sealer penetration, while the other would
show as much as 4.5 millimeters of penetration. This
occurred in Specimens No. 81 and 82 of Group 27U, as
well as Specimen No. 88 in Group 29U. In other instan-
ces, the sealer is shown in penetrate in only one of the
three specimens in the group, such as No. 84 in Group
28U and No. 88 in Group 29U. Furthermore, the sealer
penetration depths do not always correlate with the
amount of corrosion observed during autopsy. The
specimens shown in red in Figure 4.86 are those that
displayed corrosion during autopsy. The lack of sealer
penetration in one or both samples from Specimen Nos.
82, 85, and 86 corresponds directly to the observed cor-
rosion in those specimens; however, the linseed oil speci-
mens in Groups 29U did not display observed corrosion
or measured electrical current while measuring zero depth
of sealer penetration in four out of the five examined
samples.
It is likely that the discrepancies noted in Groups
27U to 29U can be attributed to several sources. First,
it appears that the sealer penetration depth may be
rather inconsistent. It is also possible that variations in
the sandblasting depth across the specimens may have
removed more sealer from some areas of the surface
than others. Finally, the determination of sealer pene-
tration into the paste portions of the concrete at the top
surface of the specimens was impeded by the presence
of aggregates revealed at the top surface by the sand-
blasting operation.
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Figure 4.86 Average specimen and group deck sealer penetration.
Figure 4.87 Average group deck sealer penetration.
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5. FIELD IMPLEMENTATION
5.1 Introduction
Preliminary field tests of crack sealer and deck sealer
applications were completed in the fall of 2015. The
product selected for crack sealing was Sikadur 55 SLV,
a low-viscosity epoxy. MasterProtect H 400, a water-
based 40-percent silane, was selected as a deck sealer. The
purpose of these preliminary field tests was to identify the
personnel, equipment, and procedures required to apply
the sealer products efficiently and effectively to a bridge
deck in the field.
5.2 Field Test of Crack Sealer
Sikadur 55 SLV is a two-component epoxy with a
2:1 mixing ratio of Part A to Part B. After mixing
the components, the material has a pot life of only
20 minutes until the time the epoxy becomes too viscous
to install at cracks. Therefore, the entire volume of
mixed material must be used prior to the 20-minute pot
life. Consequently, simply mixing the epoxy in a pail
generates extensive product waste and an inconsistent
quality of material over the pot life, with the potential
of poor quality material being installed. The unequal
mixing ratio and short pot life informed the careful
selection of equipment to be used to install this type of
product.
5.2.1 Crack Sealer Equipment
In 2014, the Minnesota Department of Transporta-
tion (MnDOT) successfully employed the use of a two-
component pump for the installation of Sikadur 55 SLV
in the field (Oman, 2014). Several styles of pumps similar
to that used by MnDOT were compared, resulting in the
purchase of a SealBoss JointMaster Pro2 two-component
joint filler pump.
The SealBoss JointMaster Pro2 pump motor, che-
mical reservoir tanks, and battery power source are
all contained on a portable cart with four braking
swivel wheels (Figure 5.1). Although the pump typically
features a standard 1:1 mixing ratio, various ratios can
be accommodated with this pump. This specific pump
unit was purchased with a 2:1 gear ratio, allowing the
pump to mix at a 2:1 ratio. The apparatus includes two,
5-gallon stainless steel reservoir tanks, each used to
store one of the two chemical components of the epoxy.
After the tanks are filled, the motor pumps the che-
micals to drain from each tank and into their respective
hoses. The hoses are encased in a protective sleeve
extending 14.5 ft from the cart to an applicator wand.
The two chemical components first come into contact
with each other at a disposable static mixer attached to
the end of the applicator wand. The two components
are mixed as they flow through the interior grooves of
the static mixer (Figure 5.2).
This type of pump system has several features. The
amount of product waste is minimized, as the two com-
ponents are only combined within the disposable sta-
tic mixer. Furthermore, any material remaining in the
tanks and hose lines after sealing can be returned to the
product containers for future use. Although the manu-
facturer of Sikadur 55 SLV recommends condition-
ing the sealer components to a range of 65u to 75u F
Figure 5.1 SealBoss JointMaster Pro2 pump. Figure 5.2 Applicator wand and attached static mixer.
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prior to installation, it is possible for sealing to be done
in cooler weather because heater bands (shown in
Figure 5.1) can be attached to the reservoir tanks to
keep the product warm. The use of a self-contained
battery power source eliminates the encumbrance of
using extension cords or a generator on the bridge deck.
The controls for the pump are located on the applicator
wand, allowing the operator to regulate the rate of
product flow from the tip of the static mixer. Finally,
because the entire apparatus is contained on a wheeled
cart, it is possible for the crack sealer installation to be a
single-person operation.
5.2.2 Crack Sealer Field Test
The preliminary field test for installing crack sealer
Sikadur 55 SLV occurred on October 29, 2015, on a
bridge carrying two lanes of southbound Hoosier Heart-
land Highway in Tippecanoe County, Indiana (INDOT
Structure No. 025-79-02718 SBL). A traffic control team
was used to divert traffic into the left traffic lane. The
right shoulder was used as a staging area prior to sealing
cracks in the right traffic lane. The air temperature at the
time of sealing was 40u F, the minimum installation
temperature recommended by the sealer manufacturer.
Due to the cool temperature, only two cracks were sea-
led as a demonstration of the equipment and installation
procedure.
Prior to sealing, the cracks to be sealed were cleaned
with compressed air, as shown in Figure 5.3. The two
components of Sikadur 55 SLV, Part A and Part B,
were poured into their respective stainless steel reservoir
tanks (Figure 5.4). The static mixer was attached to the
end of the applicator wand, and the product was
pumped into a bucket (Figure 5.5) until it appeared that
the proper mixing of the two components had been
achieved. The applicator wand and attached static mixer
were used to seal two cracks in the bridge deck, as seen
in Figure 5.6. Finally, the sealed cracks were covered
with sand to prevent vehicle tires from spreading the
sealer across the deck (Figure 5.7). The lane closure was
reopened after a period of one hour following crack
sealer installation.
5.2.3 Recommendations
Overall, this installation method was found to be
both efficient and effective. This type of pump mini-
mizes product waste when installing a two-part epoxy.
In addition, after the initial equipment setup, this pump
system allows for continuous sealing across the bridge
deck with only a few short interruptions to refill the
reservoir tanks.
In general, it is recommended that dust and debris
are cleaned from the cracks using compressed air prior
to sealing to allow the product access to the cracks.
When sealing a multitude of cracks over a large area,
it will be necessary to identify the crack pattern prior
to sealing and to develop an installation plan to avoid
wheeling the pump cart through wet sealer. Finally, it is
critical that the pump setup and cleanup procedures are
executed exactly as recommended by the pump manu-
facturer. These procedures prevent unwanted mixing of
the two product components, which could block the
flow of product through the tanks and hoses. Following
the procedures to keep the pump lines clean will pro-
long the life of the equipment.
Because this field test was completed at a tempera-
ture of 40u F, it was found that cooler air temperatures
may lessen the effectiveness of the sealing operation. Cool
weather has two effects on the operation: the sealer can
become too viscous to achieve full penetration of the
Figure 5.3 Using compressed air to clean the cracks.
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cracks and the product curing time is extended. Fur-
thermore, even though the mixing temperature can be
controlled by heater bands, the deck temperature remains
cold which can change the sealer viscosity upon contact
with the deck.
Additional steps must be taken in cooler weather to
ensure the effectiveness of the sealing, thus reducing the
efficiency of the operation. First, the pails of the product
must be kept warm prior to use. When heater bands are
used, it is recommended that thermometers be attached
to the exterior of the reservoir tanks to regulate the
temperature of the product prior to installation.
Considering the additional steps required in cold
weather and the potential decrease of sealer penetration
in a cold deck, however, it is recommended that crack
sealers be installed in higher temperatures, preferably
greater than 60u F.
5.3 Field Test of Deck Sealer MasterProtect H 400
The preliminary field test of application of the deck
sealer MasterProtect H 400 took place on September
22, 2015, on a bridge carrying two lanes of northbound
traffic in Spencer County, Indiana (INDOT Structure
Figure 5.4 Pouring sealer components into reservoir tanks.
Figure 5.5 Ensuring proper mixing of sealer components.
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No. 231-74-02696 NBL). INDOT developed an appa-
ratus for deck sealer application shown in Figure 5.8.
A tank filled with MasterProtect H 400 was placed in
the bed of a truck and connected to a sprayer bar moun-
ted to the back of the truck.
During this field test, traffic control was used to
restrict traffic to the left of the two lanes. Deck sealer
was applied in one pass to cover the right shoulder and
a second pass to cover the right lane. The second pass
was aligned so that the application areas of each pass
overlapped to prevent gaps in the sealer coverage.
5.3.1 Recommendations
Overall, the truck-mounted deck sealer apparatus
appeared to be successful in providing consistent sealer
coverage across the deck. It is recommended that the
deck be cleaned of dust and debris with compressed air
prior to sealing. Sandblasting to prepare the deck
surface is not required because the deck already has
sufficient roughness from surface tining and abrasion.
As discussed previously, it is necessary to overlap each
successive application pass to ensure full coverage of
the deck. Furthermore, it was found that the sprayer
Figure 5.6 Applying Sikadur 55 SLV to a bridge deck crack.
Figure 5.7 Broadcasting sand over the sealed cracks.
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bar should be mounted closer to the pavement to ensure
that the proper coverage is achieved.
6. SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS
6.1 Summary
Bridge decks deteriorate over time from recurring
exposure to deicing salts on roadways during winter.
Salt water penetrates the deck at cracks and through
the surface of the concrete. The combination of chlo-
rides, water, and oxygen initiate corrosion of the deck
reinforcement. Corrosion not only can cause loss of
steel section in the reinforcement, but also can cause
deterioration of the concrete due to expansive forces,
creating the need for periodic deck repairs or deck
replacement prior to reaching the expected service life.
The objective of this research is to investigate the long-
term effectiveness of using crack and deck sealers as a
potentially cost-effective method of prolonging the ser-
vice life of bridge decks by reducing corrosion caused
by the intrusion of salt water.
The experimental program was developed and imple-
mented by Lyrenmann (2011) to assess the long-term
performance of a select number of crack and deck
sealer products applied to a series of 90 macrocell
specimens exposed to a salt water ponding regimen.
Electrical current in the specimens’ reinforcement was
measured over 1600 test days to provide continuous
monitoring of corrosion activity. A preliminary autopsy
completed by Pollastrini (2013) as well as the final
autopsy completed in 2016 were used to correlate the
collected electrical data with the observed levels of cor-
rosion quantified using two rating methods. Further-
more, a deck sealer was applied to previously unsealed
control specimens at an intermediate stage of the pro-
gram to examine the sealers’ capacity to reduce the
corrosion rate. Deck sealers were examined further by
correlating performance with chloride penetration pro-
files and sealer penetration depth. Finally, a preliminary
field test was completed in 2015 to develop recommenda-
tions regarding equipment and methods for field appli-
cation of sealers.
6.2 Conclusions
The conclusions from the experimental program and
preliminary field test are provided below.
6.2.1 Experimental Program
1. Sikadur 55 SLV and Dural 335, low-viscosity epoxies,
were shown to be effective in reducing corrosion in cra-
cked concrete by as much as 80 to 100%. The methacrylate
crack sealer MasterSeal 630 exhibited contradictory perfor-
mance. It was found that it has the potential to effectively
seal cracks; however, its performance in this experimental
programmay have been sensitive to installation procedures
due to its lower viscosity as compared with the epoxies.
Furthermore, methacrylate crack sealers have been shown
by Frosch et al. (2010) to be more effective in smaller
cracks (, 0.016 in.) than those investigated in this experi-
mental program.
2. The deck sealers MasterProtect H 440 HZ, Master-
Protect H 400, and linseed oil were not effective at
Figure 5.8 Application of MasterProtect H 400 using truck-mounted sprayer bar.
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preventing salt water intrusion in cracked concrete. App-
lication of a deck surface sealer to cracked concrete
resulted in corrosion with severity similar to or exceeding
that of unsealed cracked concrete. Furthermore, it was
found that application of a deck sealer to cracked con-
crete (without previous application of a crack sealer) may
exacerbate the amount of corrosion in the deck. The use
of a deck sealer does not prevent salt water intrusion at
cracks; moreover, the deck sealer may actually inhibit
evaporation of moisture from the deck, causing even
more corrosion than in an unsealed deck.
3. The four crack and deck sealer combinations investigated
were extremely successful in reducing chloride ingress and
preventing corrosion activity for the duration of the expe-
rimental program. The only exception to this performance
was the varied results of the sealer combination comprised
of crack sealer MasterSeal 630 and deck sealer Master
Protect H 440 HZ, which again suggests that MasterSeal
630 may have been sensitive to installation methods.
4. In general, restressing operations to simulate stresses in
bridge decks did not negatively affect the performance of
the sealers investigated in this study.
5. Deck surface preparation by sandblasting was not found
to be beneficial to the performance of crack sealers. It
was found that the uniform sandblasting of the entire
concrete surface had no influence at the crack locations.
6. The use of a crack and deck sealer combination was
shown to effectively supplement the corrosion resistance
of epoxy-coated reinforcement in localized areas of
coating damage inflicted during transportation and con-
struction. Corrosion, initiated at locations of damaged
coating in unsealed specimens, was observed to progress
beneath the coating, deteriorating an area much greater
than the area visible at the coating defect.
7. Although the use of surface tining was seen to increase
chloride penetration depths in unsealed specimens, it was
shown that the use of a sealer combination on a tined
surface effectively reduced chloride penetration and pre-
vented corrosion activity throughout the duration of the
experimental program.
8. Deck sealers MasterProtect H 440 HZ, MasterProtect H
400, and linseed oil applied to surfaces with or without
sandblasting for surface preparation were shown to effec-
tively prevent corrosion of reinforcement in uncracked
concrete for the duration of the experimental program.
9. Simulation of traffic wear on uncracked concrete with
applied deck sealer revealed that the likelihood of cor-
rosion increases as the depth of sealer penetration is abra-
ded over time. Therefore, reapplication of deck sealers over
time is warranted.
10. Application of a deck sealer to reinforced concrete with
preexisting corrosion did not appear to slow the rate of
corrosion. This finding was likely due to the presence
of surface cracks, which are not effectively sealed by use
of a deck sealer alone. However, given the observed effec-
tiveness of applying both a crack and deck sealer to
reduce salt water ingress, it is expected that the use of
such a sealer combination would effectively slow the rate
of preexisting corrosion.
11. Based on the chloride penetration profiles obtained for
the specimens autopsied in 2013 and 2016, deck sealer
performance was maintained throughout the duration of
the experimental program despite continued exposure
to chlorides. Deck sealer performance, however, was
diminished by the effects of traffic wear, indicating that
reapplication of deck sealers is required over time.
6.2.2 Preliminary Field Test
1. When installing a two-part epoxy crack sealer, such as
Sikadur 55 SLV, the use of a two-component joint sealer
pump such as the model used in the field test provides an
effective and efficient means of crack sealer application
with minimized product waste.
2. Cold air temperatures at the time of sealer application
have several detrimental effects on the sealing operation.
The sealer curing time is extended, the product must be
kept warm prior to installation, and the effectiveness of
the sealer may be compromised by the potential for redu-
ced penetration depth.
3. Deck sealer application can be accomplished effectively and
efficiently by use of a truck-mounted sprayer bar, such as the
one developed for the field test. It is possible to avoid gaps in
the applied deck sealer coverage by overlapping applications
areas in successive passes of the sealing operation.
6.3 Recommendations
The following recommendations are provided based
on the conclusions of the experimental program and
preliminary field test.
6.3.1 Product Selection
1. Use of the following crack sealer products is recommended
to effectively reduce salt water ingress at the cracks. Larger
cracks (> 0.016 in.) should be sealed using epoxy crack
sealers (Sikadur 55 SLV or Dural 335), and smaller cracks
(, 0.016 in.) should be sealed using a methacrylate crack
sealer (MasterSeal 630). This recommendation supports
that previously presented in Frosch et al. (2010).
2. Completion of crack sealing operations should be followed
by the application of a deck sealer to reduce salt water ingress
through the concrete surface. Although all three deck sealers
in this experimental program were shown to be effective, it
has been noted that the use of MasterProtect H 440 HZ is no
longer permitted in the state of Indiana, as discussed in
Section 2.5. It should also be noted thatMasterProtect H 400
is a water-based product. While this product can be effective
for initial application, it is not recommended for reapplica-
tion as water-based products repel themselves wherever
penetrating deck sealers remain from previous applications.
6.3.2 Field Application
1. Sandblasting prior to application of sealers is not req-
uired. First, it was shown that sandblasting did not improve
the performance of crack sealers. While surface preparation
was found to increase the depth of deck sealer penetration,
the tined surface and traffic abrasion on the bridge deck
already provide adequate roughness for sealer penetration
without the need for the additional time, equipment, and
costs associated with sandblasting operations.
2. It is recommended that dust and debris are cleaned from
cracks in the bridge deck using compressed air prior to the
installation of crack sealers. Similarly, the concrete surface
should be cleaned of dust and debris using compressed air
prior to deck sealing.
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3. Because traffic wear reduces sealer effectiveness, roadways
with higher volumes of traffic require more frequent sealer
reapplications. Without specific traffic abrasion data for
a given bridge deck, it is recommended that decks are
resealed every 5 years. Extended time periods may be appro-
priate for bridges with low traffic volumes. As discussed
previously, reapplication of a water-based product (such as
MasterProtect H 400) is only effective in locations where the
sealer has been removed as water-based products repel
themselves wherever traces of the sealer remain from pre-
vious applications. For this reason, reapplication using non-
water-based sealers is recommended. If a water-based sealer
is used, the remaining penetration depth of the previous
sealer should be removed through preparation of the sur-
face such as sandblasting to ensure that the full penetration
depth of the sealer can be achieved.
6.3.2.1 Crack Sealers
1. The use of a pump similar to the one used in the field test
is recommended for installation of crack sealers. This
type of pump reduces product waste and allows for effec-
tive and efficient installation of the sealers. It allows for
continuous sealing across the bridge deck with minimal
interruptions, and its use with a self-contained power
source eliminates the need for extension cords and a
generator. It is critical that the pump setup and cleanup
procedures are executed as recommended by the pump
manufacturer to prolong the life of the equipment and
provide for reliable installation of the material.
2. It is recommended that crack sealing operations are com-
pleted in air temperatures greater than 60u F to ensure
the operation will effectively seal the cracks and not
be compromised by the potential inability of the sealer
to penetrate the cracks in cold temperatures. Further-
more, additional installation steps are required in cold
weather, which reduces the efficiency of the sealing
operation.
3. Crack sealer should completely fill the cracks until
product refusal to ensure proper sealing of the crack.
4. If a deck is reopened to traffic before cure of the sealer,
the freshly sealed cracks should be covered with sand to
prevent cars from picking up the material.
6.3.2.2 Deck Sealers
1. A deck sealer application system similar to that deve-
loped for the field test is recommended to provide uni-
form surface coverage.
2. It is recommended that the sprayer bar of the deck sealer
application apparatus be fixed at a height close enough
to the deck to ensure proper coverage.
3. Deck sealers should be applied using the appropriate
coverage rates and number of application coats recom-
mended by the sealer manufacturer.
4. The application areas of each successive pass of sealer
application should overlap to avoid gaps in deck sealer
coverage.
6.4 Future Research
It is recommended that future research investigate
the effectiveness of deck sealers in cracked concrete
when cracks are first flooded to product refusal prior to
application of the recommended surface coverage rate.
Cracked specimens in this study that were treated with
deck sealers were only sealed with the recommended
surface coverage. It would be valuable to ascertain
whether a crack flooded with deck sealer will resist salt
water intrusion in a manner similar to that of a crack
treated with an epoxy or methacrylate crack sealer. If
the use of a deck sealer to flood cracks and coat the
deck were as effective as the application of a crack and
deck sealer combination, it would reduce costs asso-
ciated with time, equipment, and personnel required to
complete the sealing operation.
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APPENDICES
APPENDIX A. CHANGE IN VOLATILE ORGANIC COMPOUND (VOC) LIMIT
The Final Rule, LSA Document#06-604(F) is presented in Figure A.1. This document implements changes to the
volatile organic compound (VOC) limit for waterproofing concrete or masonry sealers.
Figure A.1 Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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Figure A.1 (cont.) Final rule for volatile organic compound (VOC) limit.
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APPENDIX B. SPECIMEN CRACK LOCATIONS
The locations of the cracks were recorded for the cracked specimens to later facilitate the condition assessment of
the bars at recorded crack locations. Distances were measured on the top face of the specimen from the front face of
the concrete (resistor side) to the locations where the cracks intersected with the top left and top right longitudinal
bars. The typical specimen had three cracks located at the transverse bars; however, some specimens displayed a
fourth crack located approximately halfway between cracks at transverse bars. Figure B.1 illustrates the crack
location measurements recorded for Specimen No. 50 from Group 10. The crack locations for each cracked
specimen in Groups 1 to 19 are shown in Table B.1. Each measurement is designated by the crack number and the
bar at which it is measured. For example, the intersection of the first crack with the top left longitudinal bar is
identified as "CR1-TL."
Figure B.1 Crack distance measurements for Specimen No. 50.
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Figure B.2 Specimen crack locations.
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APPENDIX C. AUTOPSY NOTES
The autopsy notes for the 60 specimens autopsied in 2016 are presented in Figures C.1 to C.60. Each page includes
a description of the test variables, the date the specimen was disconnected from the datalogger ("DD"), the date the
specimen was autopsied ("DA"), the measured crack locations, observations from the autopsy, and the visual ratings
assigned for both autopsy rating methods.
Figure C.1 Autopsy notes for Specimen No. 25.
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Figure C.2 Autopsy notes for Specimen No. 35.
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Figure C.3 Autopsy notes for Specimen No. 3.
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Figure C.4 Autopsy notes for Specimen No. 23.
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Figure C.5 Autopsy notes for Specimen No. 11.
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Figure C.6 Autopsy notes for Specimen No. 15.
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Figure C.7 Autopsy notes for Specimen No. 13.
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Figure C.8 Autopsy notes for Specimen No. 18.
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Figure C.9 Autopsy notes for Specimen No. 12.
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Figure C.10 Autopsy notes for Specimen No. 42.
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Figure C.11 Autopsy notes for Specimen No. 16.
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Figure C.12 Autopsy notes for Specimen No. 49.
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Figure C.13 Autopsy notes for Specimen No. 46.
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Figure C.14 Autopsy notes for Specimen No. 47.
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Figure C.15 Autopsy notes for Specimen No. 24.
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Figure C.16 Autopsy notes for Specimen No. 52.
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Figure C.17 Autopsy notes for Specimen No. 5.
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Figure C.18 Autopsy notes for Specimen No. 40.
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Figure C.19 Autopsy notes for Specimen No. 27.
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Figure C.20 Autopsy notes for Specimen No. 50.
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Figure C.21 Autopsy notes for Specimen No. 22.
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Figure C.22 Autopsy notes for Specimen No. 48.
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Figure C.23 Autopsy notes for Specimen No. 1.
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Figure C.24 Autopsy notes for Specimen No. 26.
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Figure C.25 Autopsy notes for Specimen No. 21.
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Figure C.26 Autopsy notes for Specimen No. 43.
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Figure C.27 Autopsy notes for Specimen No. 37.
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Figure C.28 Autopsy notes for Specimen No. 45.
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Figure C.29 Autopsy notes for Specimen No. 17.
Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2016/23 129
Figure C.30 Autopsy notes for Specimen No. 41.
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Figure C.31 Autopsy notes for Specimen No. 29.
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Figure C.32 Autopsy notes for Specimen No. 33.
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Figure C.33 Autopsy notes for Specimen No. 31.
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Figure C.34 Autopsy notes for Specimen No. 32.
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Figure C.35 Autopsy notes for Specimen No. 54.
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Figure C.36 Autopsy notes for Specimen No. 55.
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Figure C.37 Autopsy notes for Specimen No. 56.
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Figure C.38 Autopsy notes for Specimen No. 58.
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Figure C.39 Autopsy notes for Specimen No. 60.
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Figure C.40 Autopsy notes for Specimen No. 61.
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Figure C.41 Autopsy notes for Specimen No. 63.
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Figure C.42 Autopsy notes for Specimen No. 65.
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Figure C.43 Autopsy notes for Specimen No. 66.
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Figure C.44 Autopsy notes for Specimen No. 67.
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Figure C.45 Autopsy notes for Specimen No. 90.
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Figure C.46 Autopsy notes for Specimen No. 91.
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Figure C.47 Autopsy notes for Specimen No. 72.
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Figure C.48 Autopsy notes for Specimen No. 73.
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Figure C.49 Autopsy notes for Specimen No. 76.
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Figure C.50 Autopsy notes for Specimen No. 77.
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Figure C.51 Autopsy notes for Specimen No. 78.
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Figure C.52 Autopsy notes for Specimen No. 80.
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Figure C.53 Autopsy notes for Specimen No. 81.
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Figure C.54 Autopsy notes for Specimen No. 82.
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Figure C.55 Autopsy notes for Specimen No. 85.
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Figure C.56 Autopsy notes for Specimen No. 86.
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Figure C.57 Autopsy notes for Specimen No. 87.
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Figure C.58 Autopsy notes for Specimen No. 88.
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Figure C.59 Autopsy notes for Specimen No. 69.
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Figure C.60 Autopsy notes for Specimen No. 71.
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